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SUMMARY 


Analytical  methods  are  developed  for  determining  the  down- 
wash  environment  generated  by  multirotor/propeller  V/STOL 
aircraft  configurations  operating  in  ground  proximity. 

These  methods  are  utilized  to  compute  rotor  flow  field  and 
contaminant  dust  cloud  characteristics  (including  particle 
density  and  size  distributions)  for  the  H-21,  XC-142,  X-22A, 
X-19A,  and  XV-5A  aircraft.  The  effects  of  the  contaminated 
atmosphere  on  pilot’s  visibility,  ground  equipment,  and 
personnel  are  also  determined  for  these  aircraft. 

The  theoretically  predicted  results  are  generally  in  good 
agreement  with  the  limited  test  data.  Additional  full-scale 
test  data  are  required  to  verify  further  the  assumptions 
inherent  in  the  theory. 


iii 


FOREWORD 


This  report  presents  the  results  of  an  investigation  of  the 
dovnvash  envi ronsetTt  generated  by  V/5T0L  aircraft  operating 
in  ground  proximity. 

The  work  was  perfcraed  by  the  Dynasciences  Corporation, 

Blue  Bell,  Pennsylvania,  for  the  U.  S.  Ar»y  Aviation  Materiel 
Laboratories  H'SAAVLABSK  Fort  Eustis.  Virginia,  under 
Contract  DA  44-177-AMC- 316<T1  duririg  the  period  from  August 
1965  through  March  1968. 

The  Aray  technical  representative  was  Mr.  Joel  Terry,  who 
was  assisted  by  Mr.  Bla*r  Poteate  and  Mr.  G.  Uilliwi  Hogg. 

The  contributions  of  the  Aray  personnel  tc  this  work  are 
gratefully  aclrncvl edged. 

The  following  Dynasciences  Corporation  personnel  participated 
in  this  program 

Mr.  M.  George  -  Project  Engineer 

Mr.  D.  S.  Douglas  -  Aeronautical  Engineer 

Mr.  J.  Tang  -  Aeronautical  Engineer 

Mr.  S.  Mills  -  Sr.  Aeronautical  Engineer 

Mr.  E.  Kisielovski  -  Manager,  Aeronautics 

Dr.  A.  A.  Perlautter  -  Senior  Vice  President 


v 


CONTENTS 


St?«ARY 


FOREWORD 


1 1ST  OF  I  LLLSTRATIONS 


LIST  OF  TABLES 


LIST  OF  SYMBOLS  . 


INTRODUCTION 


HCORETICAL  ANALYSIS  . 


A.  FLOW  FIELD 


B.  DOWNUATH  SIOiATVRES 


C.  DOWNMASH  SIC^TTHE  EFFECTS 


DOWNWLSH  EWIRO»tyr  RESt'LTS  FOR  VARI 
V/STOl  AIRCRAFT . 


A.  FLOW  FIEID 


B.  DOWWJASH  SICNATVRES 


C.  DOWNWASH  SICttTVRE  EFFECTS 


CONC LI’S ! 0\S  AND  RECCftC’flJAT  IONS 


REFERENCED 


A?PE M? I X  .  S'RFACE  EROSION  TEST  DATA 


DISTRI  BIT  I  OS 


viii 


vi  I 


LIST  OF  ILLUSTRATION 


Figure  Pgge 

1  Representation  of  the  Flow  Field  for  a 

Typical  Two -Rot or /Propeller  V/STOL  Aircraft 
Hovering  in  Ground  Effect  .  4 

2  Definition  of  the  Flow  Regions  in  the 
Vicinity  of  Mutually  Interacting 

Propeller s /Rotors  .  5 

3  Variation  of  Axial  Velocity  Outside  Vortex 
Cylinder  Versus  Radial  Distance  for  Axial 
Distances  of  O.SR  and  1R  Below  the  Rotor 

Plane .  10 

4  Effect  of  Thrust  Coefficient  and  Solidity  on 
the  Ground  Effect  Inflow  Correction  Factor 

in  Hoverir^i  .  12 

5  Flow  Field  in  the  Vicinity  of  a  Hovering 

Rotor ,  Out  of  Ground  Effect .  13 

6  Downwash  Velocity  Distribution  Below  the 

Rotor  in  Ground  Effect  (Region  2)  ...  15 

7  The  Wall  Jet  Velocity  Profile .  17 

S  Test  Data  on  the  Decay  of  Dyruaic  Pressure 

Iflth  Axial  Distance  Froa  the  Jet  Exit  l§ 

9  Downwash  Velocity  in  Ground  Effect  for  a 

75-Foot  Rotor  at  H/R  0.44 .  23 

10  Schematic  Representation  of  the  Flow  Field 

in  the  Recirculation  Region .  24 

11  Schematic  Representation  of  the  Flow  Field 

Along  the  Interaction  Flow  .....  24 


vlil 


i 


Figure  Page 


12  Correction  Factor  for  Determining  Velocities 

Within  the  Interaction  Plane  .  28 

13  Definition  of  Parameters  Within  the  Inter¬ 
action  Plane .  29 

1*  Schematic  Representation  of  a  ’ifting  Rotor 

Vortex  System  in  Ground  Effect  ....  32 

1 b  Schematic  Representation  of  Dust  Cloud 

Geometry  .  39 

ifr  Variation  of  Terminal  Velocity  of  Particles 

With  Particle  Diameter .  43 

17  The  Relation  Between  Visual  Angie  and  Back¬ 

ground  Intensity  for  Test  Objects  of  Constant 
Threshold  Contrast  .  43 

18  Pilot's  Line  of  Sight  Relative  to  Vehicle  4^ 

19  Comparison  of  Wall  Jet  Velocity  Distribu¬ 
tions  for  Various  Aircraft  at  the  Start  of 

the  Wall  Jet-  Wheels  on  the  Ground  ...  50 

20  Comparison  of  Wall  Jet  Velocity  Distribu¬ 

tions  for  Various  Aircraft  at  a  Common 
Radial  Station  (X  90  Feet).  Wheels  or.  the 
Ground .  53 

21  Wall  Jet  Velocity  Distribution  for  XC-142 

Aircraft  at  Various  Radial  Stations.  Wheel 
Clearance.  Hy  SO  Feet  ......  52 

22  Variation  of  Maximum  Surface  Dynamic  Pressure 
Along  the  Ground  for  Various  Aircraft.  Wheels 

on  the  Ground . 

23  Horizontal  and  Vertical  Velocity  Components 

Along  the  Interact  ion  Plane  for  the  H-2I 
Aircraft.  Wheels  on  the  Ground  ....  57 

ix 


Figure 


Pa*e 


Horizontal  #nd  Vertical  Velocity  Components 
Aionf  I nt etact i on  Plane  for  th*  XC-142  Air¬ 
craft.  1 5  c  '  the  Ground . 

Horizontal  and  Vertical  Velocitv  Components 
Aiors*  Interaction  Plane  for  t5*?  X-22A  Air¬ 
craft.  Wheel*  on  the  Ground  ..... 

Horizontal  »ertical  Velocity  Components 
Along  Interaction  Plane  for  the  X-19A  Air¬ 
craft.  Wheel#  on  the  Ground  ..... 

Horizontal  are!  \erticai  le»otitv  Component 5 
Alonj  Interaction  Plane  for  the  XV-3A  Air¬ 
craft.  Wheel#  on  the  Ground  ..... 

Horizontal  and  Vertical  Velocity  Components 
Alor^g  Interaction  Plane  for  the  XC-U2  Air¬ 
craft.  SC  Feet  . 

Contour  Plots  <f  ^asinurf  Surface  Dynamic 
Pressure  Along  tr>e  Ground  for  the  H-21 
Aircr-ft .  Wheels  on  the  Ground 

Contour  Plots  of  Yaxim\im  Surface  Dynamic 
Pressure  Along  Oh*  Ground  for  the  XC-142 
Aircraft.  Wheel#  on  the  Ground  .... 

Contour  Plots  of  Yaxi’mupr  Surface  Dynamic 
Pressure  Along  the  Grouttd  for  the  X-22A 
Aircraft.  Wheel*  on  th  Ground  .... 

Contour  Plots  of  '’’axjmur*  Surface  Dynamic 
Pressure  ‘long  the  Ground  for  the  X-I9a 
Aircraft,  Wheels  on  the  Grout. 

Contour  Plot*  of  ^xissu*  Surface  Dynamic 
Pressure  Along  the  Ground  for  the  XV-5A 
Aircraft.  Wheels  on  the  Ground  .... 

Contour  Plots  of  HaxiasuE  Surf***  Dynamic 
Pressure  Along  the  Ground  for  the  XC-14> 
Aircraft.  K>  Feel  ‘  , 


x 


a 


Figure  Esi* 

35  Ground  S*»ple  Particle  Site  Distribution  71 

36  Dust  Cloud  Size  and  Shape  for  the  H-21 

Helicopter .  72 

37  Dust  Cloud  Size  and  Shape  for  the  XC-142 

Aircraft  .  73 


38  Dust  Cloud  Size  and  Shape  for  the  X-22A 

Interact  ion  Plane  . .  74 

39  Dust  Cloud  Size  and  Shape  for  the  X-19A 


Interaction  Plane  .  75 

40  Dust  Cloud  Size  and  Shape  for  the  XV- 5A 

Aircraft .  76 

*i  Dust  Cloud  Size  and  Shape  for  the  XC-1 *2 

Aircraft.  ^0  Feet .  7  7 

42  Maxima*  Boundary  of  Cloud  versus  Slipstream 

Dynamic  Pressure  for  Various  Aircraft  78 

43  Maxim**  Cloud  weight  versus  Slipstream 

Dynamic  Pressure  for  Various  Aircraft  .  .  79 

44  Particle  Density  Distribution  for  the  h-21 

Helicopter  ...........  81 

*3  Particle  Der.sitv  Distribution  for  the  XC-1*2 

Aircraft .  82 

46  Particle  Densitv  Distribution  *or  the  X-22A 

Aircraft .  8J 


47  Particle  Dens i tv  Distribution  for  the  X-19A 

Aircraft .  84 

48  Particle  Density  Di ribut l on  for  the  XV - 5A 

Aircraft .  85 

49  Particle  Density  Distribution  for  the  XC-1*.. 

Aircraft.  Hy  3C  Feet  .......  86 


xi 


Fl£&ge 

50 

Particle  Si*e  Profiles  (Ground  Sample  and 
the  Airborne  Sample  at  the  Rotor  Plane!  for 
Various  Aircraft  . 

89 

51 

Particle  Slee  Distributions  for  the  H- 21 

91 

52 

Particle  Sl*e  Distributions  for  the  XC-142 

92 

53 

Particle  Siae  Distributions  for  the  XV-5A 
Aircraft . . 

93 

54 

Variation  of  Incipient  Erosion  With  Terrain 

95 

55 

Light  Transmittance  for  the  H-21  Aircraft. 
Wheels  on  Ground,  f  45*  . 

96 

56 

Light  Transmittance  for  the  XC-142  Aircraft. 
Wheels  on  Ground,  #45*  . 

97 

5' 

Light  TransaUttance  for  the  X-22A  Aircraft. 
Wheels  on  Ground,  #  -  45*  ..... 

98 

58 

Light  Transmitt a-we  for  the  X-19A  Aircraft. 
Wheels  on  Ground,  f  45*  . 

99 

59 

LlgUc  Transmittance  for  the  XV-5A  Aircraft. 
Wheels  on  Ground,  f  45*  . 

100 

60 

Light  Transmittance  for  the  XC-142  Aircraft. 
Wheels  on  Ground.  Wheel  Height  50  Feet 

101 

61 

Perceivable  Site  of  an  Object  Sighted  Through 

Dust  Clouds  Generated  by  Various  Aircraft  103 

62 

Variation  of  Engine  Ingested  Sand  and  Du it 
With  Engine  Airflow  for  a  5-Percent  Reduc¬ 
tion  in  Soma!  Rated  Poaer  ...•♦• 

105 

*11 


fUag 


Engine  Net  Operat ioruil  Gain  for  a  5-Percent 
Reduction  in  Normal  Rated  Power  .... 


!si! 


Effects  of  Rotor  Dovnwash  Upon  Nan  and 
Equipment  for  Various  Aircraft.  Wheels  on 
the  Ground . .  .  .  . 


Particle  Trap  layout 


Nats  Erosion  Rates  of  Particles  Entrained 

Forward  of  the  H-21  Helicopter,  Test 

Condition  1  -  Phillips  Drop  Zone.  H  =  17  Feet  124 

Hass  Erosion  Rates  of  Particles  Entrained 
Outboard  of  the  H-21  Helicopter,  Test 
Condition  II  -  Phillips  Drop  Zone.  H  -  17  Feet  125 

Particle  Slse  Distribution  Forward  of  the 

H-21  Helicopter.  Test  Condition  I  -  Phillips 

Drop  Zone.  H  =  17  Feet .  126 

Particle  Sise  Distribution  Outboard  of  the 

H-21  Helicopter.  Test  Condition  II  •  Phillips 

Drop  Zone,  H  =•  i7  Feet .  127 


xlil 


USX  OF  TABLES 


I able  PM? 

I  CeoMtric  Paramters  of  V/STOL  Aircraft  49 

I!  Horizontal  Components  of  the  Velocities 
in  the  Recirculation  Region.  Wheels  on 
the  Ground .  55 

III  Horizontal  Components  of  the  Velocities  in 

the  Recirculation  Region  -  Hy  =  50  Feet  56 

IV  Predicted  and  Measured  Average  Particle 
Densities  it*,  the  Close  Vicinity  of  Rotor 

Planes  for  the  Selected  Aircraft  ....  U 


V  Results  of  Dust  Ingestion  by  Various  V/STOL 


Engines  for  a  5- Percent  Reduction  in  Normal 
Rated  tower  .  107 

VI  Gradation  Test  Results  ♦  Test  Condition  I, 

Run  No.  5 .  120 

VII  Cradation  Test  Results  -  Test  Condition  1 . 

Run  No.  7 .  121 

VIII  Gradation  Test  Results  -  Test  Condition  II, 

Run  No.  4 .  122 

IX  Gradation  Test  Results  -  Test  Condition  II, 

Riai  No.  9 .  l?3 


xiv 


SYMBOLS 


A.a.B 

C 


Cy.Cy 

CpCi 

CT 

D 

»e 


DP 

D|»» 

t>S 

Dw 


O.L. 


d 


*A 


constants  as  defined  in  the  text 

particle  cross-sectional  area.  w  D-,^ .  ft^ 

T T  P 

contrast  between  sight  of  object  and  its 
background 

vail  jet  constants 

constants  as  defined  in  text 

rotor  thrust  coefficient  out  of  ground  effect 
diaaeter  of  rctor.  ft 

effective  rotor  diameter  of  the  contracted 
slipstrcsa.  ft 

particle  disaster,  aa  or  micron 
mean  particle  diameter,  am  or  microns 

mean  partici-  diameter,  percent  finer  by  weight 
diameter  of  standard  0.25  aa  site  particle, mm 
max  water  particle  diameter  (.50  aa) 
disc  loading,  Ib'ft* 

cloud  penetration  distance  along  pilot's 
line  of  vision,  it 

percent  finer  by  weight  of  airborne  particle* 
of  sise  A 


xv 


*c 


(er,W* 

N 

*r 

Hw 

h 

lo 

1. 

K 

*t 

*L.  *L 


*v 


*0 


percent  finer  by  weight  of  ground  particles 
of  sice  A 

percent  finer  by  weight  of  ground  particles 
of  sise 

correction  factor  as  defined  in  the  text 
rotor  height  above  the  ground,  ft 

height  of  dust  cloud,  ft 

aircraft  wheel  height  f raa  the  ground,  ft 

vertical  distance  ueasurcd  fraa  rotor  plssie,  ft 

wall  Jet  height  (u  =  0.01  u^).  ft 
background  light  intensity,  foot-latoert 
object  light  intensity,  foot - Lambert 
logarithmic  constant  as  defined  in  the  text 
terrain  erosion  factor 
ground  effect  factor 

half -distance  between  rotor,  along  the 
X  or  T  axis .ft 

polar  coordinates  located  at  the  center  of 
vortex  spiral 

vertical  location  of  dust  cloud  boundary 
from  the  center  of  vortex  spiral 

particle  ness  flow  rate  per  unit  area, 
lb/sec-f t* 

particle  mass  flow  rate  per  unit  area  along 
the  ground.  Ib/aec-ft* 

xvi 


4 


particle  mss  Clow  rate  per  unit  width. 
Ib/sec-ft 


nunber  of  particles  per  cubic  ft  of  sir 


dynastic  pressure  of  a  fu1 iy  developed 
slipstream,  =  %  p  •  lb/ft* 


surface  dynamic  pressure  along  the  ground, 
lb/ft* 


effective  surface  dynaaric  pressure  along  the 
ground.  lb/ft2 

maximal  surface  dynamic  pressure  along  tlv 
ground, 

rotor  radius,  ft 


radius  of  dust  cloud,  ft 


radius  of  vortex  spiral  in  dust  cloud,  ft 
radial  location,  ft 

horizontal  component  of  distance  between 
pilot  and  object  along  pilot's  line  of  sight, 
ft 

distance  from  pilot  to  object  along  pilot's 
line  of  sight,  ft 

light  transmittance 


velocity  interference  correction  factor 

axial  distance  fron  jet  notsie  exit .  ft 

local  velocity  within  the  wall  jet.  ft /sec 

average  induced  velocity  st  the  rotor  disc  in 
ground  effect,  ft  sec 


XV  l  i 


* 


•ean  Msentoi  velocity  at  the  jet  resale  exit , 
ft /sec 


«a 

«W 

«o 

»r 

(U|)«l 

»x 


«T 

«2 

WlGC 

Wot* 

V 

V. 


X,  Y»Z 


y 

*v 

I 


waxiswa  velocity  within  the  wall  jet,  ft/sec 

velocity  of  fully  developed  slipstream,  ft/sec 

aomsntun  value  of  induced  velocity  at  the  rotor 
disc,  ft/sec 


radial  velocity  couponed t .  ft/aec 

asvfsaai  surface  velocity  along  the  ground,  ft/sec 

longitudinal  velocity  component  along  X  axis, 
ft/sec 

lateral  velocity  coaponent  along  T  sods,  ft/sec 

axial  velocity  component,  ft/sec 

induced  velocity  in  ground  effect,  ft/sec 

induced  velocity  out  of  ground  effect,  ft/sec 

velocity  along  a  stream  tube,  ft/sec 

drag  velocity  as  defined  in  the  text,  ft/sec 

right  angled  coordinate  syatus  with  origin  on 
the  ground 

height  within  the  wall  jst,  ft 

height  within  the  well  jet  where  ti/u^  *  ft 

vertical  distance  a>v/«  ih*  ground  to  vortex 
spiral  center,  ft  \ 

angle#  ss  defined  in  ths  text,  degrees 

flow  angle  in  the  interaction  Mane,  degrees 

air  density, a lugs /cu  ft  \ 

\ 

X 


xv  i  i  i 


particle  density,  lb/cu  ft  of  air 
water  particle  density.  lb  cu  ft 
rotor  solidity,  bc/Hn 

shearing  force  or  drag  per  square  cat 

polar  angle  within  vortex  spiral 

constant  as  defined  in  the  text 

aircraft  heading  angle  relative  to  sighted 
object ,  degrees 


I. 


I  STRODL'CT  1  Ob 


Th?  dovnwash  envi ronrsent  problems  associated  with  V/STOL 
aircraft  operating  in  ground  proximity  have  become  greatly 
magnified  by  the  new  generation  of  high-di sc  *  loading  milti- 
lift  V/STOL  aircraft.  Due  to  the  complexity  of  the  flow 
mechanism  in  the  vicinicy  of  a  lifting  rotor  operating  in 
ground  effect,  formulation  of  an  exact  -iathe«*at  icai  n.odel 
for  rotor  dovnwash  envirorment  is  indeed  very  difficult. 

For  this  reason,  the  previous  work  on  the  subject  is  limited 
to  extremely  specialised  analyses  covering  only  a  very 
narrow  portion  of  overall  rotor  dovnwash  problems.  The  test 
information  in  this  field  consists  of  uncoordi nated  small- 
scale  or  full-scale  -sodel  data  without  proper  definition  of 
pertinent  test  parameters.  Consequently,  there  exists  a 
need  for  a  simple  ind  reliable  analytical  method  supplemented 
by  test  data  which  can  be  readily  applied  for  predicting 
dovnwash  environment  of  various  V/STOL  conf igurat i ons  opera- 
tirg  in  ground  proximitv. 

The  objective  of  this  program  is  to  deveiop  a  relatively 
simple  mathematical  -yodel  to  predict  the  relationship  which 
exists  between  V/STOL  lift  devices  and  their  orientation  on 
the  aircraft  as  they  relate  to  the  generation  of  the  contam¬ 
inated  atmosphere  surrounding  hovering  aircraft.  This  model 
is  utilised  to  compute  contaminant  cloud  size  and  shape, 
particle  density  and  size  distributions  within  the  dust  cloud, 
and  the  effects  of  the  contaminant  atmosphere  cn  pilot’s 
visibility,  ground  equipment,  and  persomel. 

This  mathematical  model  is  based  on  the  available  rotor  dovn¬ 
wash  theory  for  the  flow  regions  where  it  is  considered  to  be 
most  applicable,  on  the  limited  test  data  for  the  flow  regions 
where  :he  theory  is  not  considered  to  be  applicable,  and  on 
the  semlempl rical  methods  for  the  flow  regions  where  both  the 
available  theory  and  the  test  data  are  practically  non¬ 
existent  . 

Section  II  3 f  this  report  presents  t he  details  of  the  -mathe¬ 
matical  model  developed  under  this  program. 


Section  III  contains  the  computed  results  of  the  contaminant 
downwash  envi rorm*ent  for  the  H- 21  .  XC-142.  X-22A,  X-19A,  and 
XV-3A  aircraft  operating  in  ground  effect.  Some  t  ”*»t  data 
o'  ground  surface  -&ass  flow  .  ites  obtained  during  .his 
prograff  for  the  H-Jl  helicopter  are  presented  in  the  appendix 
The  theory  developed  herein  is  correlated  with  the  available 
test  data  wherever  possible. 


II.  THEORETICAL  ANALYSIS 


The  downwash  signature  of  a  V/STOL  aircraft  operating  over 
unprepared  landing  surfaces  is  cefined  as  the  resultant 
operational  environment  that  the  aircraft  generates  less 
the  natural  environment  existi’ig  prior  to  the  aircraft’s 
arrival.  The  downwash  signature  car  be  determined  by  first 
defining  the  flow  field  in  the  vicinity  of  the  aircraft 
hovering  in  ground  effect  and  then  by  determining  the 
resulting  dust  cloud  size  and  content  associated  with  this 
flow  field. 

A  FLOW  FIELD 

The  analytical  treatment  of  the  flow  field  in  the  vicinity 
of  a  lifting  rotor  in  ground  effect  is  a  formidable  task. 
Several  investigators  have  attempted  to  formulate  analyses 
for  this  purpose.  However,  as  indicated  in  Reference  1. 
these  analyses  are  considered  to  be  Inadequate.  More 
rigorous  corsputer  methods  have  recently  been  developed  to 
better  define  the  flow  mechanic  during  ground  impingement 
of  uniform  jets.  However .  these  methods  could  not  be  applied 
to  the  present  program. 

For  this  program,  existing  analyses  as#d  experimental  data 
such  as  those  of  Reference  L  were  applies!  to  the  regions  of 
the  dowowash  flow  field  where  they  were  considered  to  be 
most  suitable. 

An  artist’s  conception  of  the  flow  field  in  the  vicinity  of 
a  typical  two* rot  or /propel ler  V/STOL  aircraft  hovering  in 
ground  effect  is  shown  in  Figure  1. 

In  order  to  facilitate  the  analysis,  the  flow  field  of  a 
two -propeller /rot or  configuration  represented  in  Figure  1 
is  subdivided  into  a  number  of  isolated  fiow  regions  as 
shewn  in  Figure  The  flow  field  in  each  of  these  regions 
is  as  follows. 
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Interaction  Plane 


The  Flow  Field  Above  the  Kotor  Plane  (Region  I? 


a.  Region  1A 

The  flow  field  in  region  (LA)  pertains  to  the  flov 
above  the  rotor  plane  and  within  the  vortex  cylinder 
(see  figure  J).  It  is  assessed  that  within  this 
region  the  interference  of  adjacent  rotors  is 
negligible;  therefore,  the  flow  field  in  this  region 
can  be  treated  as  that  of  an  isolated  single  rotor. 

Thus,  using  the  ?nalytical  methods  of  Reference  3. 
the  following  relationships  are  obtained  for  the 
axial  and  radial  velocity  components  applicable  to 
region  (1A)  of  a  two-rotor  conf igurat ion: 
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C) 


As  can  be  seen  fro*  Reference  3.  the  preceding 
relationships,  which  yield  a  closed-fora  solution 
for  the  nonunifor*  velocity  distribution  in  the 
vicinitv  and  at  the  plane  of  a  lifting  rotor, 
correlate  well  with  store  complex  ccmgmter  solutions 
such  as  those  presented  in  Reference  4. 

b.  Region  IB 

This  region  pertains  to  the  flow  above  the  rotor 
plane  and  outside  the  vortex  cylinder.  For  a  two- 
propeller/  rot  or  coni igurat ion  the  velocity  field 
is  obtained  bv  considering  two  point  sinks  located 
at  the  centers  of  the  two  rotors.  Thus,  using  the 
coordinate  system  of  Figure  I.  the  velocity 
components  in  the  X.  Y.  and  2  directions  of  a  two- 
propel ler/rotor  conf igurat ion  are  given  by 


t’ 


•*{ 


X-X, 


[(¥4  ('-?)'  (¥)T 
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x*xL 


Because  of  the  three -dimensional  character  of  the  flow 
field  defined  by  equ-itlon*  (3),  (4),  and  *5),  the 
pictorial  presentation  of  the  streamlines  is  not 
convenient  except  for  the  two  planes  of  symmetry,  the 
X-Z  and  the  Y-Z  plane. 
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In  the  1-2  plane,  equation*  (3),  (4),  and  (S)  yield: 


At  the  location  corresponding  approximately  to  the 
leading  edge  of  the  front  rotor,  l.e. ,  X/R  -  2X^/1, 
equation  (7)  reduces  to: 


*  ■  ■  4# '  #] 


The  second  ten  of  equation  (I)  corresponds  to  the 
effect  of  one  rotor  on  the  longitudinal  velocity 
component  U|  of  the  other  rotor.  Hence,  at  this 

location  the  autual  interference  effects  between  the 
two  rotors  amount  to  approximately  U  percent  of  the 
total  Induced  velocity  component  (Uy)  due  to  an 
isolated  rotor. 

Figure  3  shows  a  comparison  of  the  results  obtainable 
by  means  of  equation  (3)  with  the  results  cf  the 
computerised  analysis  presented  in  Reference  4.  Again, 
a  good  correlation  between  the  two  methods  is 
Indicated. 
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Radial  Distance,  r/R 


Figure  3 


Variation  of  Axial  Velocity  Outside  Vortex 
Cylinder  Versus  Radial  Distance  for  Axial 
Distances  of  0.5R  and  1R  Below  the  Rotor  Plane 


The  analyst*  for  predicting  th*  flow  field  of  two 
■utuaily  interacting  rotors,  for  both  inside  and 
outside  of  the  vortex  cylinder  (Region  1),  applies 
only  to  out -of -ground -effect  (GGE)  conditions.  A 
rotor  operating  in  the  proxi.nl ty  of  th*  ground 
experiences  a  reduction  in  the  Induced  velocity. 
This  reduction  can  be  accounted  for  by  Multiplying 
the  out -c? -ground -effect  velocities  by  the  ground 
correction  factor,  kg.  This  factor  is  determined 
seed  empirically  as: 


1.0 


0.9 


(9) 


Hence,  the  induced  in-growd-ef feet  (UjCEJ  can  be 
expressed  as  follows: 


uice  -  **  Uoce  (»o) 


The  ground  effect  factor,  kg,  given  in  Figure  4 
represents  reasonably  well  the  test  data  of  Reference 
5.  The  ground  effect  correction  factor,  kg,  given  by 

equation  (9)  is  plotted  in  Figure  4,  where  the  test 
data  of  Reference  5  are  superimposed.  When  this 
figure  is  examined,  a  good  correlation  can  be  noted 
between  th*  semi empirically  established  kg  factor 
and  that  obtained  from  th*  test  data. 

Utilising  the  preceding  analysis,  the  flow  field  above 
the  rotor  plane  (Region  l)  was  calculated;  the  non* 
dimensional 1  ted  results  thus  obtain'd  are  presented 
in  Figure  5  for  out -of -ground -effect  conditions 
(H/R>  2.0; .  For  in-ground -effect  operating  condi¬ 
tions  and  any  rotor  height  M/R£2.0  above  the  ground, 
th*  velocity  any  point  in  Region  1  was  determined 
by  multiplying  the  velocity  ratio  obtained  from 
Figure  5  by  the  momentum  slipstream  velocity  <l0)  and 
the  appropriate  k_  factor  obtained  from  Figure  4. 
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2.  Flow  Field  Below  the  Rotor  (Region  2) 


Region  2  pertains  to  the  flow  field  below  the  rotor  plane 
and  within  the  vortex  cylinder  (see  Figure  2).  For  out-of¬ 
ground-effect  conditions,  this  region  may  also  be  treated 
analytically  by  use  of  the  same  method  used  for  Region  1A. 

In  ground  effect,  however,  these  analyses  are  considered 
to  be  invalid.  Therefore,  in  order  to  determine  the  flow 
field  in  this  region,  experimental  data  are  herein  utilized 
instead.  Such  data,  though  limited  in  quantity,  are 
presented  in  Reference  2.  This  reference  contains  axial 
velocity  profiles  for  rotor  height  of  H/D  =  0.5,  and  the 
smoke  flow  visualization  data  for  other  rotor  heights.  These 
data  were  utilized  to  construct  velocity  contours  for  other 
rotor  heights  using  the  superposition  method  of  Reference  6. 

Figure  6  shows  the  velocity  distribution  (contour  plots) 
below  the  rotor  (Region  2)  for  rotor  heights  of  H/R  =1,  .5, 
and  .656.  This  figure  can  be  used  to  obtain  velocity  contour 
plots  immediately  below  the  rotor  or  propeller  plane  of  a 
VTOL  aircraft  operating  at  these  heights  to  radius  ratios. 

It  should  be  noted  that  although  the  data  presented  in  Figure 
6  specifically  apply  to  straight  untwisted  rotor  blades,  they 
are  considered  to  be  adequate  for  the  analysis  of  the  conven¬ 
tional  rotor  designs  with  moderate  blade  twist.  For  the  case 
of  high  efflux  jets  or  fans,  a  uniform  velocity  distribution 
at  the  jet  exit  may  be  assumed  with  the  velocity  reduced  by 
kg  as  in  Region  1. 

3.  Flow  Field  in  the  Wall  Jet  (Region  3) 

Region  3,  as  shown  in  Figure  2,  pertains  to  the  flow  along 
the  ground  (outside  the  vort  x  cylinder)  known  as  the  wall 
jet  region. 

The  behavior  of  flow  along  the  ground  is  described  in 
Reference  7.  The  radial  velocity  is  zero  at  the  rotor  axis 
and  increases  linearly  to  a  maximum  value  at  a  radial 
distance  (r/De)  approximately  equal  to  1.0.  Then  it 
decreases  exponentially  as  the  radial  distance  increases. 

The  point  at  which  the  radial  velocity  along  the  ground  is 
maximum  (which  also  corresponds  to  the  point  where  the 
pressure  is  atmospheric)  is  defined  as  the  beginning  of  the 
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w*ll  Jet .  Thus ,  the  util  jet  (legion  3)  txtmdi  radially 
i row  ch«r». 


Beference  8  shows  Chat  the  velocity  profiles  at  any  radial 
station  along  the  ground  within  the  wall  jet  region  are 
affine.  The  wall  jet  velocity  profile  reproduced  froas 
Beference  8  and  confirmed  by  experimental  data  of  Baference  7 
is  herein  presented  in  figure  7.  This  figure  shows  a  distri¬ 
bution  of  the  velocity  ratio  u/u^  as  a  function  of  vertical 

distance  ratio  (y/y^)  within  the  wall  Jet. 

Baference  7  also  presents  an  analytical  treatment  of  the  flow 
in  the  wall  jet  region.  This  analysis,  however,  utilises  a 
free  jet  decay  which  is  not  representative  of  the  air  jet 
induced  velocity  produced  by  a  rotor.  Therefore,  to  obtain 
the  decay  of  the  dynastic  pressure  (q.^^/q^)  for  a  ro  or, 

the  data  of  Baference  9  presented  herein  as  a  plot  of 

in  Figure  8  are  applied 'to  the  present  analysis.  As 

indicated  in  Baference  7,  the  naxieue  radial  velocity  in  the 
well  Jet  (u_)  at  any  redial  station  (r)  can  be  expressed  as 
follows: 


f -Ms) 


-1.143 


(11) 


Also,  thv  distance  above  the  ground  where  the  velocity  equals 
half  of  the  sexlssss  velocity  is  given  by: 


1.028 


(12) 


The  well  Jet  constants  sad  (Lem  be  stressed  ss  functions 
of  the  par  .'wears  (uM/t^)c ,  (y^/I)t,  and  (r/E)c  «t  the 
beginning  of  the  well  Jet  ee  follows: 
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Mondlaanalonal  Haight  Wlthlr  tha  Wall  Jat ,  y /y^ 


Valoclty  ratio,  uA*i 

ngura  7.  tba  Hall  Jat  Valoclty  Profile. 
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Test  Data,  Ref  9 

-O:  16.Tinch  ducted  fan 
□  18- Inch  propeller 
A  -4“  inch  nozzle 


J  ' 

;  1 


2  4  6  8 

Nondimensional  Axial  Distance,  t/De 


Figure  8.  Test  Data  on  the  Decay  of  Dynamic  Pressure 
With  Axial  Distance  From  the  Jet  Exit. 


L8 


1.143 


(13) 


‘"■(5),  Git 
‘r-ftUl),' 


The  ptrgMCer  (y^/R)t  can  be  expressed  u  follows: 


(15) 


in  order  to  establish  the  well  Jet  constants  Cy,  Cy,  and 
(,^/t)t  **  given  by  equations  (13)  through  (15),  It  is  first 

necessary  to  determine  the  position  of  the  beginning  of  the 
**eil  Jet  (r/*)t  and  the  — ilsai  velocity  ratio  (u  ,/u^)t  at 
the  wall  Jet. 

This  can  be  accomplished  by  utilising  the  iterative  procedure 
of  Inference  7  as  follows: 

(a)  Determine  rotor  height  shove  the  ground  (H/t)  and 
assume  an  initial  value  of  (r/t)tfi*2.0. 

(b)  Calculate  an  equivalent  free  Jet  distance  t/K  using 
the  following  relationship: 


l.o] 


(16) 
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(c)  Transform  the  value  of  t/R  into  T/De  which  for 
open  rotors  is  given  by: 


0.707  | 


(17) 


(d)  Using  the  value  of  (t/De)  from  step  (c),  obtain 

the  ratio  of  (qc  /on)  from  the  test  data  of 
bmax 

Figure  8.  Then  compute 


'^m  _  /  ^max"1 

UN  V  9N 


(18) 


where  is  the  induced  velocity  of  a  fully 
developed  slipstream,  and  for  an  open  rotor  UN  can 
be  expressed  as  follows: 


DL 

P 


(19) 


(e)  Obtain  the  value  of  the  average  induced  velocity 

at  the  rotor  disc  in  ground  effect  (U)  by  using  UN 

from  step  (d)  and  the  appropriate  value  of  the 
ground  effect  factor  kg  from  Figure  4: 


U  -  kg(Uo)0GE 


_k  h 

Kg  2 


(20) 


where  (u0)qge  is  t*le  averaSe  induced  velocity  at 
the  rotor  plane  out  of  ground  effect. 
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(f) 


Compute  Che  radial  position  at  which  che  wall  jet 
begins 


(1.45)0*486/  U  X0'4*6 
(0.52)1*13  W 


(21) 


(g)  Repeat  steps  (b)  through  (f)  until  convergence  is 
obtained  for  Che  value  of  che  position  where  che 
wall  jet  begins.  (r/R)t. 

(h)  Using  the  final  value  of  (r/R)c  froe  step  (g) .  U 
f row  step  (e),  and  u^  f rxr*  step  (d),  calculate 
using  the  following  relationship: 

T  0.885  0.1410.88 

^  J  (22) 


(i)  Using  the  values  of  f row  step  (d),  (r/R)t  frora 

step  (g).  and  frow  step  (h),  calculate  (y^/R>t 

using  equation  (15). 

(j)  Finally,  cowpute  che  wall  jet  constants  and  r 
by  using  equations  (13)  and  (14).  respectively. 

4.  Flow  within  the  Recirculation  Region 

Ragion  4.  as  shown  in  Figure  2.  pertains  to  the  flow  field 
between  the  wall  jet  boundary  and  the  plane  of  the  rotor 
outside  the  vortex  cylinder.  The  wail  jet  boundary  is  herein 
defined  as  the  height  at  which  che  local  velocity  is  equal  tc 
1  *  of  the  naxlauK  ground  surface  velocity  (i.e. . 

u  °'01  >W- 


:i 


The  outward  radial  flow  in  the  wall  jet  interacts  with  the 
inward  flow  Induced  by  the  rotor,  and  a  recirculatory  flow 
in  this  ref i or.  results.  This  flow  phenomenon  is  clearly 
defined  in  the  experimental  work  of  References  2,  10,  and  11. 
The  analytical  treatment  of  the  flow  in  this  region  is 
extremely  difficult,  and  no  theoretical  solutions  are  avail* 
able  in  the  existing  literature.  Some  qualitative  expert* 
mental  data  pertaining  to  the  flow  field  in  this  region  are 
presented  in  Reference  11  and  in  Figure  9.  These  data, 
however,  are  not  adequate  for  the  application  in  the  present 
program.  Due  to  shear  flow  interaction  effects  and  small 
magnitudes  of  the  velocities  in  this  region,  quantitative 
experimental  data  are  practically  nonexistent. 

Hence,  in  the  present  approach,  the  analysis  of  the  flow  in 
this  region  utilizes  a  number  of  simplifying  assumptions, 
the  validity  of  which  must  be  determined  experimentally. 

Aa  defined  previously,  the  external  flow  along  the  upper 
boundary  of  the  wall  jet  <u  0.01  u»tw)  is  practically 
stationary;  i.e.,  the  axial  and  radial  velocity  components 
are  considered  to  be  zero. 

Furthermore ,  it  is  herein  postulated  that  the  assumptions 
inherent  in  equation  *  10)  will  also  apply  to  the  recircu¬ 
lation  region,  provided  that  the  required  boundary  conditions 
at  the  wall  jet  and  at  the  plane  of  rotor  disc  are  satisfied. 
One  way  to  achieve  this  is  to  multiply  equation  HO)  by  a 
correction  factor  Fh  which  varies  linearly  from  F),  1.0  at 

the  plane  of  rotor  disc  to  0  at  the  boundary  of  the 

wall  jet. 

Thus ,  equation  (10)  becomes 


UICE  kg  C0C£  Fh 


(23) 


Using  Figure  10,  the  correction  fmctor  F^  can  be  obtained 
as  follows: 
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Nondlmanatonal  Distune*  Measured  From  Rotor  Plano.  2/H 
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Figure  9.  Dounuash  Velocity  lr.  Ground  Effect  for  a 
75-Foot  Rotor  at  H/R  0.44. 
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(b) 


Figure  10.  Scheme ic  Representation  of  the  Flow  Field 
In  the  Recirculation  legion. 


(24) 


V: 

-ho 


Substituting  equation  (24)  into  equation  (23),  the  induced 
velocity  in  the  recirculation  region  at  any  radial  station  r 
and  at  any  vertical  location  (h)  below  the  rotor  disc  plane 
can  be  expressed  as  follows: 


UlCE  ■  k,  UOCE  (»  -  str;) 


(25) 


5.  Flow  in  the  Interaction  Plan*  (legion  5) 

The  flow  in  Region  3,  as  shown  In  Figure  2,  pertains  to  the 
flow  in  the  interaction  plane  where  the  downwash  from  the 
two  rotor/propellers  aeet.  Along  this  plane,  the  downwash 
velocities  fro*  the  two  lift  devices  Interact  with  each  other, 
and  the  resultant  flow  is  turned  upward.  For  side-by-side 
rotor/propeller  conf igurations ,  this  upward  flow  is  restrained 
by  the  fuselage  and  is  diverted  horizontally  a lor*  the  longi¬ 
tudinal  axis  of  the  aircraft.  For  tandew  configuration  with 
no  rotor  overlap,  the  interaction  plane  it  along  the  lateral 
axis  of  the  aircraft;  hence,  there  is  a  atinimat  fuselage 
restraint,  and  practically  all  of  the  resultant  flow  will  be 
turned  vertically  upward. 

Conceptually,  the  interaction  plane  can  be  considered  as  a 
thin  vertical  wall  (no  flow  through  the  wall)  at  which  the 
radial  flew  along  the  ground  f roe  each  rotor  is  deflected 
along  the  vertical  plane  at  the  tww  angle  as  if  the  ground 
flow  continued  (see  Figure  ID.  Thus,  the  dynastic  pressure 
(or  the  corresponding  velocity)  at  a  point  in  the  interaction 
plane  can  be  considered  to  be  the  taste  as  if  the  flow  iron 
the  single  rotor  continued  along  the  ground  at  the  sane  total 
distance  from  the  rotor  axis. 

The  test  data  of  Raferenee  12  show  that  the  resultant 
velocities  along  the  interaction  plane  due  to  two  rotors  are 
greater  than  those  for  an  isolated  rotor  at  the  sane  total 
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Height  at  Which  Haxivu 
Velocity  Occur*  in  the 
Interaction  Plane 


Figure 


Scbes^atic  Represent  at  lor.  of  the  Flow  Field 
Alorg  the  Interaction  Flow. 


radial  distance.  These  daCa  hc.e  bean  utilised  Co  develop 
a  velocity  interference  correction  factor,  Tf,  which  is 
presented  as  a  function  of  a  total  redial  distance  from  a 
single  rotor  in  Figure  12. 

Using  the  nomenclature  of  Figure  13,  th  horizontal  and 
vertical  velocity  components  and  Vv  can  be  expressed  as 

follows: 


VH  =  Tf  u.U/R) 

Vv  =  Tf  ua(Y-2) /R  (27) 


B.  DOWiittSH  SICKAIlftES 
1 «  Dust  Cloud  Size  and  Shape 

As  discussed  previously,  the  impingement  of  rotor  dow-mrash 
on  the  ground  results  in  a  high-velocity  flow-  along  the  ground 
and  the  subsequent  erosion  and  entrainment  of  ground  particles. 
These  particles,  once  eroded,  are  transported  aloft  by  the 
flow  field  generated  by  the  hovering  aircraft  and  thus  fora  a 
dust  cloud.  References  9  and  13  indicate  that  ihe  particle 
erosion  upon  a  specific  terrain  is  a  function  of  the  asaxirwm 
dynamic  pressure  ( q or.  the  ground  and  the  terrain  erosion 

factor  (kt)  which  is  dependent  on  the  terrain  characteristics. 

As  noted  in  Reference  9,  the  parameter  wh*ch  governs  the 
particle  terrain  erosion  is  related  to  the  effective  surface 
dynamic  pressure  which  can  be  expressed  «s  follows: 


{  q,  ) 

v^T 


K2B) 


Nondiaensional  Distance  Along 
Interaction  Plane,  X/D 


Figure  12.  Correction  Factor  For  Determining 
Velocities  Within  the  Interaction 
Plane. 
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(Interaction  Plane) 


Rotor 


( Ground  PI ane ) 


5  Definition  of  Parameters  Mithi 
the  Interaction  Plane. 


The  terrain  erosion  factor,  .  is  given  by 


£_fe~ 

3PW  ^iV 


C9) 


This  terrain  factor  relates  Che  terrain  characteristics, 
i.e.,  terrain  density  and  nean  particle  size,  with  water 
droplet  size  and  density.  Water  droplet  size  was  obtained 
from  Reference  l'*. 

Froar  the  filts  data,  which  were  obtained  by  the  .Sine  Safety- 
Research  Corporation  as  a  part  of  the  test  progran  reported 
in  Reference  15.  it  is  determined  that  the  dust  cloud  radial 
boundary  can  be  approximated  by  the  radial  distance  along  the 
ground  at  which  the  surface  effective  dyutaic  pressure  is 
approximately  equal  to  1.0  (i.e.,  (qs^eff  Thus,  the 

racial  location  of  the  dust  cloud  boundary  car.  be  readily 
obtained  f rare  equation  (2B)  using  the  wall  Jet  and  the  inter¬ 
action  plane  analyses  presented  in  Section  II.  A,  The 
resulting  dust  cloud  radius  (boundary)  can  be  expressed  as 
follows : 


*c 


OO) 


where  Cj  0.5  for  regions  outside  the  interaction  plane  and 
C}  1.1  along  the  interaction  plane. 

The  height  of  the  dust  cloud  (aaxin***  vertical  location  of 
the  cloud  boundary)  can  be  approximated  by  considering  the 
path  of  the  rotor  blade  tip  vortices  as  they  spread  along 
the  ground.  The  ground  spread! ng  of  the  rotor  blade  tip 
vortices  is  believed  to  be  the  primary  cause  for  the  cloud 
roll-up  observed  frost  the  film  data. 
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A  detailed  analysis  of  the  behavior  of  this  vortex  system 
along  the  ground  can  be  made  by  replacing  the  continuous 
cylindrical  vortex  sheet  with  a  finite  nunber  of  discrete 
wing  vortices.  A  step-by-step  iteration  procedure  could 
then  be  applied  to  compute  the  notion  of  each  ring  vortex 
as  it  starts  to  expand  along  the  ground.  However,  in  lieu 
of  this  process,  which  is  complicated.  time  consuming,  and 
would  require  a  computer  solution,  an  attest  was  made  to 
analyze  the  roll-up  process  utilizing  an  a;-alogy  of  the 
vortex  sheet  shed  from  the  trailing  edge  of  a  lifting  wing 
as  schematically  shown  in  Figure  14. 

It  can  be  seen  that  the  vortex  pattern  behind  the  lifting 
wing  (Figure  14(b))  exhibits  a  flow  nechanisa  very  similar 
to  that  showTs  along  Section  A-A  (Figure  14(a))  of  the  ring 
vortex  sheet  generated  by  a  lifting  rotor.  The  main 
difference  between  the  flow  mechanism  of  the  cylindrical 
vortex  sheet  of  a  rotor  and  the  vortex  sheet  of  a  lifting 
wing  is  that  the  former  roils  up  ana  ior^s  a  torus  r.ng 
while  the  latter  rolls  up  into  two  line  vortices. 

Using  the  above  analogy,  conventional  wing  vortex  theory  such 
as  that  presented  m  Reference  it  is  applied  to  predict  the 
center  of  the  vortex  core.  Using  the  nomenclature  of  Figure 
14(a).  the  coordinates  of  the  center  of  the  vortex  core  for 
complete  roll-up  can  be  expressed  as  follows: 


Rv  0.785  R^. 

(31) 

Zv  0.3J9Rc 

(32) 

Once  the  center 
approximated  by 

of  the  core  is  defined,  the  cloud 
a  logarithmic  spiral  relat iortship 

roil-up  is 
giver,  by: 

g  ea(  ^  ^ 

(33) 

where  a  and  are  constants  which  car.  bt  determined  by 
applying  the  t  cundary  conditions  of  ^  0  when  l  Rc  -  R- 


31 


(a)  Lifting  Rotor  Vortex 
Pattern 


(b)  Lifting  Wing  Vortex 
Pattern 


(c)  Logarithmic  Spiral  Representation  of 
Vortex  Roii-Lp 


Figure  1*.  Schematic  Representation  of  a  Lift  Rotor 
Vortex  Syst  *  in  Ground  Effect. 


and  ^  r  v/2  when  i  2y.  Applying  these  boundary  condi¬ 
tions  to  equation  (33).  there  results: 


(3*) 


( 35> 


Thus,  knowing  the  radial  location  of  the  dust  cloud  boundary 
(Rc)  and  the  constants  a  and  ^0,  the  vertical  location  of  the 
dust  cloud  boundary  Measured  f ron  the  center  of  the  vortex 
spiral  can  be  computed  by  substituting  4  -  w/2  in  equation 

(33).  TK_s. 


4v 


(  3b) 


The  total  dust  clouj  height  measured  f roa  the  ground  is  then 
given  by: 


H 


c 


Z 


V 


(37) 


Cloud  Content 

a.  Particle  Density  Distribution 

( 1 4  Fa  '  Field  bens i t v  Pi st  ribut i on 

In  the  far  field  flov  region  of  VTOL  aircraft 
U.e.,  the  region  frort  the  start  of  the  w-ii  1  *et 
to  the  boundary  of  the  cloud),  the  particle 
density  distribution  within  the  cloud  ;*  derived 
based  or.  the  analysis  presentee  in  Reference  17. 


By  assisting  particle  characteristic  paths  and 
by  considering  the  rate  of  loss  of  ooaentui  of 
the  air  due  to  particle  movement,  a  sea  * 
empirical  expression  is  derived  in  this 
reference  which  gives  the  particle  aut  flow 
rate  along  a  lane  of  unit  width  for  the  case  of 
constant  wind  blown  over  desert  sand.  This 
expression  is  given  as: 


(38) 


where  the  constant  C2  was  found  experimental ly 
to  be  C2  1-5  for  nearly  uniform  sand,  C2  18 
for  naturally  graded  sand,  and  C2  =  2.8  for  sand 

with  a  wide  range  of  gra‘n  site.  The  parameter 
V*  is  given  by: 


V. 
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Reference  17  defines  ( T  )  as  shearing  force  or 
drag  per  square  cm  of  ground  surface  parallel 
to  the  wind  direction.  Also,  V«,  which  is 

merely  a  mathematical  symbol,  is  defined  as  Che 
drag  velocity  which  is  directly  proportional  to 
the  rate  of  inervase  of  the  wind  velocity  with 
the  log-height.  Since  the  velocity  and  the 
log-height  have  «  straight  line  relationship, 

V*  is  proportional  tc  the  tangent  of  the  angle 

which  this  straight  line  or  velocity  ray  makes 
with  the  height  ordinate.  The  proportionality 
constant  is  'ieterained  experimentally  to  be 
5.75.  Furthermore,  Reference  17  shows  that  if 
the  wind  velocity  close  to  the  surface  is 
plott 'd  against  tne  log-height,  the  aero  wind 
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velocity  occur*  at  *  certain  small  but  definite 
height  above  the  ground  surface.  This  height 
is  found  to  be  associated  with  the  sire  of  the 
irregularities  which  constitute  the  surface 
roughness  and  is  approximately  equal  to  1/30 
the  diameter  of  the  grain  size  on  the  surface. 

In  utilizing  the  results  of  Reference  17,  it  is 
now  necessary  to  relate  the  mathematical  param¬ 
eter  V*  to  the  parameters  in  the  boundary  layer 
of  the  rotor  wall  jet  flow.  For  this  purpose 
the  boundary  layer  thickness  (y„)  in  the  wall 
jet  flow  is  herein  defined  as  the  vertical 
distance  at  which  the  wall  jet  velocity  is  a 
maximum. 

Although  the  velocity  in  the  rotor  wall  jet  flow 
is  nonuni fora  (see  Figure  7)  as  compared  to  the 
unifora  (ronstanc)  ambient  wind  velocity  assumed 
in  Reference  17,  it  is  believed  that  the  flow  in 
the  boundary  layer  will  be  analogous  for  both 
types  of  flow.  Therefore,  the  drag  velocity  V* 
within  the  boundary  layer  of  the  wall  jet  flow 
can  be  expressed  as  follows- 


V. 


5.75  log 


where  ym,  the  boundary  layer  thickness  in  the 
wall  jet,  is  obtained  frow  Figure  7  as 


y_n 

n 


o.i  :i 
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The  particle  mass  flow  rate,  ss* ,  per  umt  width 
can  now  be  obtained  by  substituting  equation  { aC 
into  equation  (38): 


c,  P 


(42) 


5.75  log 


Also,  examining  the  test  data  of  Reference  14. 
it  can  be  noted  that  the  particle  mass  fiov 
rate  a  (Ib/ssc-f  t^) ,  when  plotted  er.  a  log 
scale  versus  height  (2),  exhibits  linear  rela¬ 
tionship  with  height  Furthermore ,  the 
integrated  value  of  a  with  respect  to  Z  yields 
the  particle  mass  flow  per  unit  width  : 


i  * 


J> 


Using  equation  (43),  the  particle  nass  flow  rate 
per  unit  area  *o  (lb/sec-ft*)  aiong  the  ground 
can  now-  be  expressed  in  terms  of  the  particle 
mss  flow  rate  per  unit  width  »*  (lb/sec-ft)  as 
follows : 


*o 


*» 


<K 


log 


(  44) 


where  It  is  a  positive  integer  chosen  such  that 

-K 

»OrO  when  :^<  10 

In  performing  graphical  solutions  of  equation 
(•**),  it  was  determined  that  a  value  of  K  si  6 
did  not  affect  the  maaerical  values  of 
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Therefore,  the  value  of  K  =  6  was  utilized  in 
the  subsequent  analysis.  The  parameter  10”^ 
represents  the  particle  mass  flow  rate  at  the 
boundary  of  the  cloud  (Hc).  In  previous  theo¬ 
retical  analyses  of  the  cloud  constant,  that 
value  was  assumed  to  be  zero.  However,  from 
actual  observation  of  the  cloud  patterns,  it  is 
inferred  that  certain  small  particle  mass  flow 
will  exist  even  at  the  cloud  boundary.  It  is 
therefore  believed  that  the  representation  of 
this  small  mass  flow  rate  by  a  factor  of  10” 
is  more  realistic  than  the  assumption  of  m  =  0 
at  the  cloud  boundary. 

The  particle  mass  flow  rate  distribution  as  a 
function  of  height  within  the  duct  cloud  m(Z) 
can  now  be  obtained  graphically  by  knowing  a 
value  of  mQ  and  drawing  a  straight  line  on  a 

log-m  scale  from  mQ  to  m  =  10“^  at  the  cloud 
boundary  (Hc) . 

(2)  Near  Field  Density  Distributions 

The  near  flow  field  particle  density  distribu¬ 
tion  (at  or  below  the  rotor  disc)  in  the  region 
where  the  rotor  induced  flow  is  down  through  the 
disc  was  computed  utilizing  the  flow  continuity 
concept  within  a  given  stream  tube.  In  this 
approach,  it  is  assumed  that  the  dust  particles 
which  get  entrained  from  the  dust  cloud  into  the 
rotor  plane  travel  along  discrete  stream  tubes 
of  the  flow  in  which  the  basic  law  of  mass  flow 
continuity  applies.  It  is  further  assumed  that 
no  particles  are  added  or  taken  away  from  each 
stream  tube  and  that  there  is  no  cross  flow 
between  the  stream  tubes. 

If  this  concept  of  particle  flow  within  a  con¬ 
fined  stream  tube  is  utilized,  it  follows  that 
the  particle  density  distribution  at  points 
within  the  rotor  plane  or  in  the  rotor  slip¬ 
stream  (near  flow  field)  is  the  same  as  that  at 
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the  appropriate  locations  within  the  dust  cloud  j  | 

where  the  stream  tube  of  the  rotor  induced  flow  ;  | 

immerses  in  the  cloud.  Hence,  the  near  flow  j  | 

field  particle  density  distribution  can  be  j  f 

computed  knowing  the  far  flow  field  densities  j 

at  the  appropriate  locations  within  the  dust  5 

cloud.  The  far  flow  field  particle  densities  ; 

can  be  obtained  utilizing  the  following  j 

equation:  •  | 


(  Vav 


m 

u 


(45) 


In  utilizing  equation  (45),  the  average  value  of 
the  near  flow  field  ,  sity  can  be  approximately 
obtained  as  that  eo  rest  ending  to  the  center 
point  of  the  cloud  roll-up  above  the  rotor  plane 
(Figure  15). 

Although  the  above  approach  is  considered  to  be 
adequate  for  predicting  an  average  (order  of 
magnitude)  particle  concentration  at  or  below 
the  rotor  plane,  it  is  believed  to  be  inadequate 
for  computing  detailed  particle  distributions  in 
the  rotor  near  flow  field.  This  is  due  to  the 
fact  that  some  of  the  dust  particles  which 
actually  recirculate  through  the  rotor  disc  are 
those  which  are  entrained  directly  from  the 
ground  under  their  own  momentum  through  the 
rotor  "fountain  flow"  and  from  the  recirculation 
region  discussed  previously. 

Anj^nalytical  treatment  of  the  trajectories  of 
discrete  particles  as  affected  by  the  airflow, 
the  particle  initial  momentum,  and  the  aero¬ 
dynamic  and  gravitational  forces  acting  on  each 
particle  is  indeed  very  complicated  and  is 
considered  to  be  outside  the  scope  of  the  present 
work. 

Because  of  a  lack  of  such  rigorous  theoretical 
analysis  on  particle  trajectories,  a  semi- 
empircal  method  postulated  on  pages  37  and  38  is 
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herein  utilised  to  obtain  an  indication  of  the 
order  of  magnitude  of  dust  particle  concentra¬ 
tion  at  the  rotor  plane  or  at  the  probable 
location  of  engine  intakes  below  the  rotor.  The 
results  obtained  by  this  method  are  expected  to 
be  lower  than  those  obtained  free  the  tests 
primarily  because  of  the  nature  of  the  ass unc¬ 
tions  utilised  In  the  analysis. 

b.  Particle  Sise  Distribution 

A  method  of  predicting  (he  particle  sise  distribution 
in  the  downwash  la  presented  in  teference  9.  This 
aethod  is  based  o-n  the  terminal  velocity  principle 
set  forth  by  Kuhn  in  teference  18,  in  which  the  free- 
fall  terminal  velocity  of  a  particle  is  equated  to 
the  upf Low  velocity  required  to  support  chi- 
particle.  This  relationship  mas  used  tc  predict  *he 
•islskn  sise  of  spherical  particles  that  can  be 

supported  by  s  given  air  velocity.  The  results  are 
shown  in  Figure  16,  which  is  reproduced  fro* 
teference  18. 

The  general  procedure  for  determining  the  maximum 
sise  particles  is  to  first  obtain  the  magnitudes  of 
the  upf low  velocities  in  the  vicinity  of  the  rotor 
operating  in  ground  effect.  Then  the  maximum  siae 
of  the  transported  particles  is  obtained  from  Figure 
16. 

Once  the  maximum  sice  of  particles  that  can  be 
supported  by  the  local  airflow  is  determined,  it  is 
relsted  to  the  distribution  of  particles  on  The 
ground  in  the  fol lowing  manner.  If  the  maximum  sice 
of  transported  j**nipl»*  <«  * rreer  than  the  maximum 
sice  of  particles  available  on  the  ground,  then  the 
distribution  of  particles  in  the  air  is  assumed  to 
be  equal  to  that  of  the  ground  sample.  If,  however . 
the  predicted  maximal  sice  of  particles  that  can  be 
supported  by  the  local  airstream  is  smaller  than  the 
maximum  sice  on  the  ground,  then  the  airborne  particle 
distribution  is  modified  as  follows: 
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T«*rrin»l  Velocity,  Vt-fc/n«c 


(46) 


Ac  each  radial  station,  the  teri—  particle  size 
distribution  with  height  1*  obtained  from  Figure  16 
where  the  terminal  velocity  is  a  local  resultant 
velocity  determined  In  Section  II.  A. 

C.  DOMWttSH  SIGBATULE  EFFECTS 

Presented  in  this  section  is  a  t^lef  analysis  of  the  effects 
of  rotor  dovnwash  environment  on  pilot's  visibility,  engine, 
ground  equipment,  and  personnel. 

1.  Pilot’s  Visibility 

One  of  the  potential  hazards  of  operating  a  V/STOL  aircraft 
in  ground  prosiad cy  is  the  loss  of  pilot’s  visibility  due  to 
the  dust  cloud  formation  generated  by  the  rotor  downvash. 

The  process  of  seeing  involves  the  reception  of  light 
1  egressions  by  the  eye  from  the  sighted  object.  These  light 
impressions  ere  very  much  dependent  on  the  contrast  between 
eh  tact  «H  bare— ounri ,  the  absolute  background  light 
intensity,  and  tot  geometric  angle  trw  object  extrv-***~s 
subtend  at  the  eye.  The  relationship  between  these  param¬ 
eters  has  teen  established  in  Reference  19;  the  result, 
directly  applicable  to  this  study  have  been  extracted  and 
are  summarised  in  Figure  17. 

The  following  analysis  determines  pilot  visibility  in  terms 
of  minimum  perceivable  object  slse  for  various  distances  from 
the  pilot  as  affected  by  reduction  of  contrast  and  background 
light  intensity  created  by  the  duet  cloud. 

IHIfg  Reference  20,  the  visibility  reduction  in  terms  of 
contract  reduction,  Cf ,  due  to  the  cone  *»ina  ted  atmoephere 
la  given  by: 
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Logs  Visual  Angie  in  ^IlnuCaa 


Log  Background  Intensity  in  Foot-Laaberts 


Figure  17.  The  Relation  Retween  Visual  Angie 
and  Background  Intensity  for  Test 
Objects  of  Constant  Threshold 
Contrast . 
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(47) 


where  Che  wcontmalnated  contrast  C  it  given  by 


(49) 


Attuning  that  the  background  (terrain)  Intensity  It  Indepen¬ 
dent  of  distance  and  cloud  density,  i.e. ,  l'Q  -  I0,  then 

expiation  (47)  reduces  to 

C'»  TC  <49) 

In  equation  (49),  the  parameter  T  represents  the  light  trans¬ 
mittance  which  is  defined  as  the  ratio  of  light  intensity 
asdtted  by  the  object  placed  vithin  the  duet  cloud  to  that 
when  the  object  is  sighted  in  uncontaminated  atmosphere. 

The  light  transmittance  T  can  be  expressed  as  follows: 

T  *  e‘**Pd  *50) 


la  the  shore  equation,  the  amber  of  particles  per  cubic  foot 
of  air,  I,  can  be  obtained  by  at fusing  that  all  airborne 
particles  are  equal  to  the  nsan  particle  sise  of  the  terrain. 
Oelng  this  assumption,  equation  (5b)  can  be  expressed  as* 

/  ^  n  d  v 


T  -  e 


(51) 


The  g eo^e trie  parameters  which  affect  pilot’s  visicr  are  the 
cloud  penetration  distance  id)  measured  along  the  pilot's 
line  of  vision  to  the  object  and  the  horizontal  distance 
from  the  pilot  to  the  object.  The  cloud  penetration  distance 
(d)  t»  determined  knowing  the  height  (size)  of  the  sighted 
object  and  the  dust  cloud  geometry  pieviously  determined. 

The  horizontal  distance  (3^)  between  the  pilot  and  the  object 
can  be  obtained  from  basic  geexaetry. 

Thus,  using  the  nomenc lature  of  Figure  18,  the  distance  (S^) 

can  be  expressed  in  terms  of  radial  distance  (  r)  measured 
f roe;  the  rotor  centerline,  the  heading  angle  ^  relative  to 
the  object,  and  the  aircraft  geometry 


r~  -  C‘ 


2 rC  cos* 


<  52) 


where 
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pilot's  line  of  sight 


X 


Figure  18.  Pilot’s  Line  of  Sight  Relative  to  Vehicle. 
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2.  Engine  and  Equipment  Damage 


The  rotor  downwash  environment  generated  by  high-disc- 
loading  V/STOL  aircraft  can  cause  severe  damage  to  aircraft 
components  (engine),  equipment,  and  personnel  placed  in  the 
vicinity  of  hovering  aircraft. 

No  specific  analytical  methods  are  available  to  predict 
the  degree  of  such  damage.  However,  some  information  on 
this  subject  was  obtained  from  the  pertinent  wind  tunnel 
and  full-scale  flight  tests  and  is  presented  in  Section 
III.  C. 
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III.  DOWN WASH  ENVIRONMENT  RESULTS  FOR  VARIOUS  V/STOL  AIRCRAFT 


Although  the  analytical  methods  presented  in  the  previous 
section  are  completely  general,  the  application  of  these 
methods  for  predicting  the  downwash  environment  of  a  spe¬ 
cific  V/STOL  configuration  requires  minor  modification  to 
properly  account  for  the  number  of  lift  devices,  aircraft 
geometry,  and  terrain  conditions. 

These  methods  have  been  used  to  predict  the  contaminant 
cloud  characteristics  for  the  H-21,  XC-142,  X-22A,  X-19A,  and 
XV-5A  V/STOL  aircraft  operating  over  silty  sand.  The  results 
obtained  for  these  aircraft  are  presented  below. 

A.  FLOW  FIELD 

1 •  Flow  Field  Above  Rotor  Plane  (Region  1) 

The  nondimens ionalized  velocity  profiles  of  the  flow  field 
above  the  rotor  plane  (inside  and  outside  vortex  cylinder  - 
Regions  1A  and  IB)  applicable  to  the  H-21,  XC-142,  X-22A, 
X-19A}and  XV-5A  V/STOL  aircraft  configuration  are  presented 
in  Figure  5.  The  dimensional  values  of  the  flow  field  for 
each  aircraft  can  be  obtained  by  multiplying  the  non- 
dimensional  values  of  Figure  5  by  the  corresponding  average 
momentum  velocities  of  the  fully  developed  slipstream  of 
each  aircraft  and  the  appropriate  ground  effect  factor  given 
in  Figure  4. 

2.  Flow  Field  Below  Rotor  Plane  (Region  2) 

The  velocity  profiles  below  the  rotor  plane  (Region  2) 
applicable  to  the  H-21,  XC-142,  X-22A,  X-19A,  and  XV-5A 
V/STOL  aircraft  are  presented  in  the  nondimensional  form  in 
Figure  6.  The  dimensional  values  of  the  slipstream  velocity 
for  each  aircraft  can  be  obtained  by  multiplying  the  values 
of  Figure  6  by  appropriate  average  momentum  value  of  the 
induced  velocity  at  the  rotor  plane. 

3 .  Wall  Jet  Flow  (Region  3) 

Using  the  analytical  methods  developed  in  Section  II.  A.  3 
and  the  aircraft  geometric  parameters  listed  in  Table  I , 
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TABLE  I 


GCttCTLIC  FABAJCTOS  OF  V/STOL  AIRCRAFT 


Aircraft 

Gross 

Weight 

Ul) 

Rotor /Prop 
Dlaneter 
(ft) 

Disc 

Loading 

(PsfJ  . 

Rotor  Height 
With  Wheels 

on  Gr  mnd 
(ft) 

H-21 

13,000 

44.0  x  2 

4.28 

16.0 

XC-142 

37,500 

15. t  x  4 

49.68 

20  (avg) 

X-22 

15,900 

7.0  x  4 

103-0 

7.5  (avg) 

X-19 

13,660 

13.0  x  4 

23.73 

’2.02 

XV-5A 

9,200 

5.2  x  2 

288.6 

5.15 

Sea  -Level 

Conditions 

the  veil  Jet  velocity  profiles  hev*  been  calculated  for  che 
selected  aircraft  for  triseels  on  the  ground  and  also  for 
wheels  50  feet  above  the  ground  for  the  XC-142  aircraft. 

The  results  for  aero  wheel  clearance  of  the  selected  aircraft 
arv  presented  in  Figures  19  and  20,  which  show  the  wall  Jet 
velocity  distribution  at  the  location  where  the  wall  jet  begins 
and  at  a  cc— cm  radial  station  90  feet  frxm  the  rotor  center- 
line,  respectively  Frow  these  figures,  it  can  be  noted  that 
the  wall  Jet  contours  for  high- disc 'loading  aircraft  are  sub¬ 
stantially  lower  in  overall  thickness  than  those  for  lov-di re¬ 
loading  aircraft.  It  can  .tlso  be  seen  that  although  a  auch 
higher  surface  velocity  occurs  close  to  the  high-disc-loading 
aircraft,  these  velocities  decrease  acre  rapidly  with  increas¬ 
ing  radial  distance  than  those  for  low  disc- loading  aircraft. 

Figure  21  shows  the  velocity  profiles  for  the  XC-142  aircraft 
operating  at  50  feet  wheel  clearance  froi  the  ground.  Coapar- 
ing  the  results  of  Figures  19,  20,  and  2.  for  this  aircraft. 
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0  80  160  260  320  400 

Local  Velocity  Within  the  Wall  Jet  (u) ,  ft/sec 


Figure  19.  Comparison  of  Wall  Jat  Velocity  Distributions 
for  Various  Aircraft  at  the  Start  of  the  Wall 
Jot.  Wheels  on  the  Ground. 


30 


Wall  J«t  Haight  (y),  ft 


Local  Velocity  Within  the  Wall  Jet  {u'f,  ft/*ec 


Figure  2C.  Canpari ter.  ot  Val !  Jet  Velocity  Dietributions 
for  Varirrie  Aircraft  at  a  Coawon  Radial 
Station  (X  »  90  Feet).  Wheels  on  the  Ground. 
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Figure  21.  Wall  Jet  Velocity  Distribution  for  XC-142  Aircraft  at  Various 
Radial  Stations,  Wheel  Clearance,  Hit  =  50  Feet. 


it  can  be  noted  that  the  effect  of  rotor  height  above  the 
ground  la  to  reduce  the  magni tudes  of  the  wall  jet  velocities 
at  an  approximate  rate  of  1  percent  per  feet  height  of  the 
corresponding  wall  jet  v*iocity  with  wheels  on  the  ground. 

The  results  of  Figure  19  are  replotted  in  Figure  22  in  term* 
of  maxim—  surface  dynamic  pressure  versus  radial  distance 
from  the  rotor  centerline.  This  figure  indicates  that  the 
maximum  surface  dynamic  pressure  at  the  radial  location  where 
the  wall  Jet  begins  is  a  strong  function  of  aircraft  disc 
loading.  This  trend  is  not  indicated  at  other  radial  loca¬ 
tions  within  the  wall  jet. 

4.  laclrculatlon  Flow  (Rex ion  4) 

The  flow  recirculation  area  for  the  aircraft  having  four 
lifting  devices  arranged  side  by  side  and  in  tandem  is 
bowled  by  two  expanding  interaction  planes,  one  along  the 
longitudinal  and  one  along  the  lateral  plane  of  symmetry. 

For  these  aircraft,  the  flow  recirculation  area  as  defined  in 
Section  II.  A.  4  is  comparatively  small  and  does  not  warrant 
special  analysis.  Therefore,  the  computations  of. the  flow 
field  in  this  region  were  performed  only  for  the  H-21  and 
AC-142  aircraft  and  are  presented  in  Table  II.  Table  III 
presents  the  results  for  the  XC-142  aircraft  operating  at 
50  feet  wheel  clearance  from  the  ground. 

From  the  results  shown  in  Tables  II  and  III,  it  can  be  noteo 
that  the  magnitudes  of  the  velocities  !r  this  region  are 
quite  small  (less  than  9  ft/sec).  Furthermore,  the  effect 
of  wheel  clearance  (rotor  height)  on  the  magnitudes  of  these 
velocities  is  negligible. 

5.  How  in  the  Interaction  Real  on 

The  equations  derived  in  Section  II.  A.  5  have  been  utilised 
to  compute  the  horisontal  and  vertical  velocity  components 
in  the  interaction  plane  at  distances  of  45  and  90  feet.  The 
results  are  presented  In  Figures  23  through  2?  for  all 
•sleeted  aircraft  with  wheels  on  the  ground,  and  in  Figure  2$ 
for  the  XC-142  aircraft  operating  at  50  feet  wheel  clearance 
from  the  ground .  It  should  also  be  noted  that  since  the 
results  presented  In  Figures  23  through  28  do  not  include 
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Radial  Distance  Measured  From 
Rotor  Centerline,  r,  ft 

Figure  22.  Variation  of  Maximum  Surface  Dynamic  Pressure 
Along  the  Ground  for  Various  Aircraft.  Wheels 
on  the  Ground, 
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TABLE  II 


HDB1Z0MTAL  COHKIH&TS  OF  TW  VELOCITIES*  IH  THE 
BJ9CI BCUIATI ON  WEIGH.  WHEELS  OH  THE 


b,  ft  wuured 
from  rotor 
|pl«ne 

X=5Q  ft 

u* 

X*6C  ft 

H 

X=70  ft 

«X 

X=80  ft 
«X 

X-90  ft 

Ux 

0 

2.6 

3.88 

2.84 

?,18 

1.72 

2.5 

4.4 

2.94 

1.96 

1.4 

0.94 

5 

3.26 

2.04 

1.06 

0 

0 

8 

1.86 

.92 

0 

10 

0.94 

0 

12 

0 

XC-142 


h,  ft  Measured 
frxm  rotor 
plane 

X-50  ft 

L’Y 

X=60  ft 

ur 

i 

1 

X-70  ft 
**  ■ 

9.2 

5.45 

1 

3.66 

2 

7.6 

4.  36 

2.74 

4 

6. 1 

3.  3 

1.83 

6 

4.6 

2.1 

.914 

8 

3.0 

1.07 

0 

10 

1.5 

0 

12 

0 
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tabu;  hi 


HORIZONTAL  COOONENTS  Of  THE  VELOCITIES*  IN  TW 


IBCItCUTATIOef  REGION  -  1%,  *  30  T*4t 


xc 

142 

p,  ft  Mtasurcd 

Erai  rotor  X*50  ft 

ilmm  UY 

X«75  ft 
Ut 

X=100  ft 

Ur 

**125  ft 

0 

*.66 

3.18 

1.62 

0.99 

10 

7. SB 

2.34 

1.21 

0.66 

20 

6.31 

1.91 

0.81 

0.33 

30 

4.73 

1.27 

0.40 

0 

60 

3.13 

0.64 

0 

30 

1.3S 

0 

60 

0 

*V«loc&tlM 

In 

I 

I 

Second 
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irlsontaL  and  Vertical  ValcK-^wy  Component*  Along  Intaractlon 
ana  far  cha  XC-142  Aircraft.  Whaala  on  eha  Ground. 


V«  1  cv  i  t  v  Ccesoonents .  l'x  .  and  ,  f?  sec 


Figure  25.  Horlaontel  and  Vertical  Velocity  Components 
Along  Interaction  Plane  for  the  X-22A 
Aircraft.  Wheels  on  the  Ground. 


ft  sec 


Velocity  Caapone*<* ,  Ur.  «v i 

A  yt 

Figure  lb.  Horizontal  and  Vertical  Velocity  CoT^onerst s 

Along  Interaction  Pla  ?e  for  the  X-19A  Aircraft 
Wheels  on  the  Ground . 


Height  Abovtt  Ground 


Figure  27.  Horlaontel  and  Vertical  Velocity  Coep^nent* 

Along  Interaction  Plane  for  the  XV- 5A  Aircraft. 
Wheels  on  the  Ground. 
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ft  gum  20.  Horlaontal  and  Vertical  Velocity  Component*  Along 
Interaction  Plane  for  the  XC- 142  Aircraft, 

\  *  50  feet. 
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air  viscosity  af facts ,  tha  calculated  values  represent  upper 
bound?  of  the  velocities  to  be  expected  in  this  region. 

6.  Contour  Plots  of  Maxi—  Surface  Dynamic  Pressure 

It  is  convenient  to  cosbinc  the  velocity  results  computed  in 
legion  3  (Hall  Jet  legion)  and  legion  3  (Interaction  Plane 
legion)  for  the  selected  aircraft  in  the  forn  of  contour 
plots  of  the  next  sue  surface  dynamic  pressure  along  the 
ground.  Such  cooperative  contour  plots  obtained  for  the 
H-21 ,  XC-142,  X-22A,  X-19A,  and  XV-5A  aircraft  with  wheels 
on  the  ground  are  presented  in  Figures  29,  30,  31,  32,  and 
33,  respectively.  Figure  34  shows  the  results  for  th? 

XC-142  aircraft  operating  at  30  feet  wheel  clearance  froai 
the  ground. 

From  these  figures,  it  can  be  noted  that  along  the  inter¬ 
action  plane  of  two  rotor  configurations,  higher  maximum 
dynamic  pressures  are  generally  indicated  than  those  of  a 
single  Jet  configuration.  This  is  readily  apparent  in 
regions  far  from  the  aircraft  center.  Hear  the  aircraft, 
however,  the  flow  in  the  interaction  plane  is  nearly  vertical; 
hence,  the  horlaontal  component  of  the  dynamic  pressure  shown 
in  the  contour  plots  Is  smeller  than  that  for  an  equi valent 
single  Jet. 

Furthermore,  as  was  previously  noted,  the  dynamic  pressure 
along  the  ground  in  the  wall  Jet  region  for  a  low  disc 
loading  aircraft  is  relatively  low,  hut  is  persists  at  much 
greater  distances  as  compared  to  high  disc  loading  aircraft 
of  equivalent  gross  weight. 

S.  POMHHASH  SIGMATUMS 

1.  Cloud  Slae  and  Shame 

The  radial  boundary  (1^)  and  height  O^)  of  the  duet  clouds 
for  the  selected  V/STOL  aircraft  were  computed  utilising 
techniques  developed  in  Section  II.  1.  1.  The  details  of  the 
dust  cloud  shape  were  established  utilising  good  engineering 
Judgement  based  on  the  actual  observations  and  recorded  film 
data  of  a  variety  of  V/STOL  aircraft  operating  in  dust 
environment.  The  consistency  of  the  ground  terrain  considered 
fur  this  study  is  loose  silty  sand  found  at  Fhillips  Drop  Zone 


Longitudinal  Distance,  ft 


Lateral  Distance,  ft 


Contour  Plots  of  Maximum  Surface  Dynamic 
Pressure  Along  the  Ground  for  the  H-21  Aircraft 
Wheels  on  thr:  Ground. 


Longitudinal  Distance  ,  ft 


figure  30.  Contour  Plot*  of  Majdaun  Surface  Dyruaic 
Pressure  Along  the  Ground  for  the  XC-I42 
Aircraft.  Wheel*  on  tha  Crowd. 
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Figure  31  Coatour  Plot*  «f  Hut—  Surface  Dynamic  Freasura 
Along  tin  Qrouod  for  the  X-22A  Aircraft.  MmIi 
on  the  C round. 


M 


Longitudinal  Distance,  ft 


Uttral  Distance,  ft 


Figure  32.  Contour  Plot*  of  Hailnn  Surface  Dynamic 
Pressure  Along  the  Ground  for  the  X-19A 
Aircraft.  MihIi  on  the  Ground. 
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F^*PI  Contour  Hoti  of  Korin i  Surfoc*  Dyvmdc 
frw#ur*  Along  tho  Ground  for  the  XC-U2 
Aircraft,  Hy  «  50  foot. 


of  Yum  Proving  Grounds.  The  groimd  •  aspic  selected  for 
tills  study  sod  presented  in  figure  33  shows  ground  particle 
•ice  distribution  by  weight.  Additional  lnfomatlon  on  the 
ground  sanple  Is  presented  in  the  appendix. 

figures  34,  17 , 38,  and  40  show  the  dust  clouds  predicted  for 
the  11-21,  XC-142 ,  X-22A,  X-ltA,  and  XV-5A  aircraft,  respec¬ 
tively.  These  figures  present  the  cloud  sixes  and  shapes 
along  both  longitudinal  and  lateral  planes  for  each  aircraft 
for  aero  wheel  clearance,  figure  41  shows  the  corresponding 
results  for  the  XC-142  aircraft  operating  at  30  feet  wheel 
clearance  f row  the  ground. 

for  wultlrotor  configurations,  one  or  both  of  these  planes  is 
the  Interaction  plana,  figures  34  through  41  clearly 
indicate  the  aayasaatry  of  the  cloud  shapes  in  the  two  planes, 
fila  data  such  as  those  obtained  frow  the  test  prograw 
reported  in  Keference  13  indicate  that  the  cloud  shape 
rssawblea  that  of  a  torus ,  or  a  doughnut,  dth  Its  center  at 
the  center  of  the  aircraft. 

In  order  to  obtain  a  batter  Indication  of  the  effects  of 
aircraft  peraweters  on  duet  cloud  six* .  the  results  of 
figures  34  through  40  are  cross-plotted  in  figures  42  and  *3, 
which  show  the  variation  of  wsxiiasa  radial  and  vertical  cloud 
sisee  as  s  function  of  the  dyruwic  pressure  of  a  fully 
developed  slipstream  for  each  aircraft.  It  car.  be  noted 
frow  these  figures  that  for  approxiaatsly  constant  gross 
weight  (s.g. ,  01-471,  Of- 34,  end  XC-142  aircraft) .  both  the 
Mxiiwws  dust  cloud  radius  and  height  slightly  decrease  with 
an  increase  in  disc  loading,  forthemore,  the  eexlwuw 
dlwanslma  of  the  dust  cloud  increase  appreciably  with  an 
Increase  of  aircraft  gross  weight  (coapare  M-21  or  X-22  data 
with  XT- 142  data). 

These  figures  also  present  the  available  test  data  obtained 
free  tha  fllM  of  Inferences  13  and  21  and  the  unpublishsd 
test  data  obtained  at  Sdwara  Air  force  base  for  the  selected 
aircraft.  Incidentally,  good  correlation  can  be  noted 
between  the  predicted  cloud  sixes  and  those  obtained  frow  the 
fllM. 

Tha  affect  of  rotor  height  on  cloud  slsas  can  he  obtained  by 
comparing  the  results  of  figure  37(a)  (aero  wheel  clearance) 
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Figure  35.  Ground  Sample 
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ri|ur«  39.  DuaC  Cloud  Sis*  and  Shop*  for  the  X-19A  Interact 
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X-22 


with  Figure  41  (50  feet  rfeeel  clearance)  for  Che  XC-142 
aircraft.  It  can  be  noted  free  these  figures  that  for  high 
disc  loading  aircraft  as  the  XC-142),  25  percent 

redyctlor  in  cloud  height  and  about  17  percent  reaction  In 
cloud  radius  is  indicated  for  a  3C  f:ct  increase  in  etoeel 
clearance  from  the  ground. 

2.  Cloud  Content 

a.  Particle  Density  Distribution 

(1)  Far* Field  Density  Distribution 

The  fnr-field  particle  density  distribution  for 
the  selected  V/STOL  aircraft  at  two  radial 
locations,  X  -  45  feet  and  X  -  90  feet,  ere 
presented  in  Figures  44  through  49.  These 
results  were  obtained  by  first  computing  ness 
flow  rata  distribution  and  local  velocities 
within  tbs  dust  cloud  using  analytical  tech¬ 
niques  developed  In  Section  II.  Equation  (45) 
was  then  applied  to  conpute  the  corresponding 
density  distribution.  This  analytical  tech¬ 
nique  was  checked  against  the  teat  data  obtained 
for  the  M-21  helicopter  eperet log' over  desert 
sand.  A  comparison  of  the  theoretical  results 
with  test  data  is  present  ad  in  Figure  44,  which 
shows  e  good  correlation  of  the  present  theory 
with  test. 

Fran  Figures  44  through  49,  it  can  be  noted  that 
for  e  constant  radial  location,  the  particle 
demlty  increases  with  a  dec  rases  in  vertical 
distance  tram  the  ground. 


iUrthemore,  for  the  radial  stations  closer  to 
the  rotor  center line  (X  -  45  feet) ,  a  greater 
density  decay  rata  is  Indicated  with  height 
fraa  the  ground  as  compared  to  that  for  larger 
radial  stations  (X  •  90  feat). 

The  effect  of  rotor  height  above  the  ground  on 
particle  density  distribution  for  the  IC-142 
aircraft  can  be  seen  by  sparing  Figure  45 


Figure  49.  Particle  Density  Distribution  for  the  XC-142 
Aircraft,  Hrj  =50  Feet. 


(zero  wheel  clearance)  with  Figure  49  (SO  feet 
wheel  clearance).  It  can  be  noted  from  these 
figures  that  particle  density  decreases  as 
the  aircraft  lifts  off  the  ground. 

(2)  Sear-Field  Density  Distributions 

As  discussed  previously,  the  near-field 
particle  density  distributions  at  or  below  the 
rotor  disc  (within  the  vortex  cylinder)  were 
computed  utilizing  the  flow  continuity  concept 
within  a  given  flow  stress*  tube.  The  results 
thus  obtained  for  the  selected  V/STOL  aircraft 
are  presented  in  Table  IV.  which  also  contains 
the  pertinent  test  data. 

It  can  be  noted  frost  this  table  that  the 
predicted  particle  densities  are  generally 
higher  along  the  interaction  planes  of  aulti- 
rotor  configurations  than  along  other  locations 
in  the  close  vicinity  of  rotor  planes.  Further¬ 
more  ,  the  magnitudes  of  the  predicted  particle 
densities  generally  fall  between  the  maxi  sun 
and  Minimal  values  obtained  freer  the  tests  for 
various  V/STOL  aircraft. 

b.  Particle  Size  Distributions 

The  particle  size  di stributions  or  the  selected 
V/STOL  aircraft  were  coaputed  based  on  the  specified 
ground  saaple  size  profile. 

This  ground  sample,  together  with  the  airborne 
particle  size  profile  at  the  rotor  planes  for  the 
selected  V/STOL  aircraft,  is  presented  in  Figure  50. 

It  can  be  noted  fro*  this  figure  that  the  airborne 
particle  size  (at  the  rotoir  plane)  for  the  XC-142, 
X-22A,  and  XV-5A  aircraft  is  not  auch  different  from 
the  ground  sample  profile.  This  implies  that 
practically  all  size  particles  present  in  the  ground 
saaple  will  be  airborne  as  a  result  of  the  downwash 
velocities  generated  by  these  aircraft. 
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TABLE  IV 


PREDICTED  AXD  MEASURED  AVERAGE  PARTICLE  DENSITIES  IX  THE 
CLOSE  yiCllflTT  Of  ROTOR  FLARES  FOSL  TO.  SELECTED  AIRCRAFT 

a.  Predicted  Particle  Densities  at  the  Re tor  Plan* 

Densities  (ng/ft5) 

Aircraft  lateral  Plane  Longitudinal  Flan* 


H-21 

19.75 

4.15 

XC-142 

5. 5 

55.4 

X-22A 

- 

62.% 

X-19A 

- 

17.2 

XV-  SA 

- 

44.9 

XC-142  (SO  ft  wheel 

1.96 

4.4 

clearance) 


p.  Measured  Particle  Densities  in  the  Close  Vicinity 

zmm  j 

WESSB&isn 

Source  of  Teat  Data 

Maximum 

irnr-mi 

PUll- scale  dual  tandeai  test  rig. 
two  ly  coning  T- 53  engines 
(Reference  21) 

31 

KAC  nock-up  of  X-22  at  engine 
intakes  (Reference  22) 

05 

-- 

Kenan  HTV  helicopter  (Reference  20) 

8.0 

2.7 

KasMB  HIV  helicopter  hovering  near 
an  BOK  helicopter  (Reference  20) 

24.5 

5.4 

Vertol  Model  107  helicopter 
(Reference  23) 

7.5 

1.0 

H-21  at  Tuna  (Reference  15) 

31 

64 

2.9 

SB 


Ground  S 


Profile*  (Ground  SamoU  and  the 
la  at  tha  Rotor  Plan#)  for 


The  corresponding  airborne  particle  sixes  for  the 
H-21  and  X-19A  aircraft  are  appreciably  nailer 
than  the  ground  sample  sixes. 

Figure  $0  also  contains  the  test  data  obtained  fro* 
teference  15  for  the  H*21  helicopter.  In  general, 
good  correlations  are  indicated  between  the 
predicted  and  measured  particle  sixes.  More 
detailed  information  on  these  tests  is  presented  in 
the  appendix. 

The  asil—  and  mean  (50  percent  finer  by  weight) 
particle  sixe  distributions  for  the  K- 2i ,  XC- 142 , 
and  XV~SA  are  presented  in  Figures  51,  52,  and  53, 
respectively. 

These  figures  show  the  variation  of  particle  sixe 
(di sister  in  a)  with  height  above  the  ground  for 
constant  redial  locations  of  X  *  45  feet  and 
X  -  90  feet. 

It  can  be  noted  from  these  figures  that  for  a 
constant  redial  location,  the  maximum  sixe  of 
particles  reduces  with  increasing  height.  Also,  for 
a  constant  height  above  the  ground  (e.g. r  7  feer>, 
larger  maximum  sixe  particles  can  be  found  further 
eway  from  the  aircraft  (X  *  90  feet).  This  latter 
trend  is  a  function  of  alrcrafc  disc  loading,  height 
above  Che  ground,  and  aircraft  geometry;  it  may 
reverse  depending  on  the  combinations  of  these 
parameters  (e.g.,  *«e  Figure  51  for  heights  oi  less 
than  5  feet  above  the  ground) . 

Effect  of  Terrain 

The  rotor  downwaah  signatures  thus  tar  discussed  are 
strongly  dependent  on  the  type  of  terrain  and  the 
dynamic  pressure  generated  by  ths  lifting  aircraft. 

As  reported  in  teference  9,  the  point  of  incipient 
erosion  for  any  terrain  can  be  related  to  the 
aircraft's  disc  loading;  thus,  the  criteria  under 
which  Che  rotor  downwaah  will  create  a  dust  cloud 
for  a  given  terrain  can  be  established.  The  date 


THEORY 


-  Maximum  Particle  Size 

-  -  Mean  Particle  Size 

TEST  DATA  (FROM  THE  APPENDIX) 

&  Maximum  Particle  Size  (X=65  ft) 

O  Mean  Particle  Size  (X=65  and  90  ft) 
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Figure  53.  Particle  Size  Distributions 
for  the  XV-5A  Aircraft. 
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for  the  incipient  tncloo  of  various  terrains  as 
presented  in  Reference  9  are  sunerlsed  in  fl|urt  54. 
As  can  be  noted  from  this  figure,  terrains  such  as 
silty  sand  or  water  can  be  eroded  by  all  aircraft 
considered  in  ;U»  study;  crushed  stone,  plowed 
earth,  or  soaked  sand  will  be  eroded  only  by  the 
XC-142  or  X-22A;  and  pecked  lean  clay  will  be  eroded 
only  by  the  X9-&A. 

C.  Da—iASfi  SICHAIUUS  PgCTS 


Present ed  in  this  section  are  the  results  of  the  effects  of 
rotor  downweeh  envirooeent  an  pilot's  visibility,  «%»«•, 
ground  equipment  and  personnel. 

1-  mot's  visibility 

tbs  confutations  of  pilot’s  visibility  as  affected  by  the 
duet  cloud  were  performed  assuming  the  object  and  background 
light  Intensities  1c  the  uncontaminated  atmosphere  of 
Ig  -  0.2  foot-lsmbert  and  lQ  -  0.1  foot-laabert ,  respectively. 

In  addition,  the  aircraft  haedlng  relative  to  the  object  was 
taken  ae  45  degrees  along  the  pilot's  line  of  sight.  Al¬ 
though  the  prims  concern  in  pilot's  visibility  through  a 
dust  cloud  Is  an  unimpaired  ground  reference,  the  reduction 
in  pilot's  visibility  is  herein  computed  in  terms  of  light 
transmittance  (T)  as  a  function  of  object  height  above  the 
ground. 

The  results  which  were  obtained  for  the  five  selected  V/SIOl 
aircraft  are  presented  In  figures  55  through  40,  which  show  a 
reduction  of  light  transmittance  with  reduction  in  object 
height.  This  trend  occurs  due  to  an  increase  in  particle 
density  and  cloud  penetration  distance  as  object  height  from 
the  ground  is  reduced,  for  e  constant  object  height .  the 
variation  of  light  traimmlttanca  with  horizontal  distance 
from  the  pilot  to  the  object  depends  on  the  dust  cloud 
characteristics  and  aircraft  geometry  (e.g..  -o n^«*e  55 
with  figure  51). 

For  direct  comparison  of  loss  of  pilot's  visibility  free 
various  V/STOL  aircraft,  tho  light  transmittance  results 


Object  Height  Above  Ground,  ft 
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W|uw  57.  Light  Trtnialttsacc  for  the  X-22A  Aircraft. 
Wheals  oo  Ground ,  +  «  45*. 
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Figure  60.  Light  Tranaielttaace  for  the  X-142  Aircraft 
Wheels  on  Ground.  Wheel  Height  «  SO  Feet. 
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(Figures  SS  through  60)  were  jtlllzed  Co  compute  minimum 
perceivable  object  else  for  1  foot  object  height  shove  the 
ground.  These  results,  together  with  Che  uxontaminated 
atmosphere  date,  are  presented  in  Figure  61.  In  general. 
Figure  61  shows  an  order  of  Magnitude  reduction  In  pilot's 
visibility  due  to  the  dust  cloud  for  sll  aircraft  as 
compared  to  the  visibility  in  unconcern!  net  ed  atmosphere. 
Variations  of  visibility  for  specific  aircraft  ere  functions 
of  aircraft  disc  loading,  gross  weight,  and  orientation  of 
Che  pilot  with  respect  to  the  sighted  object.  The  latter 
variable  affects  both  the  depth  of  penetration  in  the  cloud 
(d)  and  the  distance  to  the  object  ($h).  Both  of  these 

psrsneters  are  Important  in  determining  the  minimus  perceiv¬ 
able  object  size.  Effect  of  distance  from  the  pilot  to  the 
object  la  demonstrated  in  Figure  61  by  comparing  the  results 
of  perceivable  abject  size  for  the  SC- 142  aircraft  for  zero 
and  SO  feet  wheel  clearance.  Even  though  particle  density 
cloee  to  the  ground  is  significantly  higher  for  zero  wheel 
clearance  then  for  SO  feet  height,  the  visibility  in  terms 
of  abject  size  is  better  at  lower  height  due  to  the  reduced 
distance,  Sjj. 


Another  significant  effect  of  downwash  signatures  is  that  on 
engine  damage.  The  discussion  presented  below  outlines  the 
types  of  damage  to  engine  components  and  the  resulting 
effects  on  engine  performance.  Also,  Che  effects  of  sand 
and  dost  filtration  on  extending  engine  life  and  improving 
engine  performance  are  dl  cussed. 


Baaed  on  the  test  .ta  presented  in  leferencvs  22 
through  27,  the  following  types  of  turbine  engine 
damage  have  been  Incurred  by  operation  of  various 
types  of  engines  In  a  sand  and  duet  environment : 


Compressor  blade  leading  edge  benJing  and 


(2)  Compressor  blade  trailing  edge  rounding. 


102 


Perceivable  Object  St*#,  ft 


(3)  Erosion  of  compressor  binds  tips  «nd  stator 
vanes  roots. 

(4)  Scale -like  dirt  accumulation. 

The  leading  edge  bending  end  peening  of  the  first 
and  possible  second  stage  compressor  blades  is 
caused  by  Ingestion  of  large  size  particles  (greater 
than  200  microns) .  These  particles,  which  are 
subsequently  reduced  in  size  through  a  direct  iepact 
on  the  first  stage  compressor  blades  and  the  small 
size  particles  (lass  than  200  microns)  directly 
ingested,  cause  trailing  edge  rovndiqg  of  compressor 
blades  in  the  second  and  succeeding  ateges. 

The  ingested  sand  and  dust  which  is  centrifuged  out  - 
ward  as  It  proceeds  axially  causes  erosion  of 
compressor  blade  tips  end  stator  vans  roots.  As  a 
result  of  this  damage,  the  mass  distribution  of  both 
coapresaor  blades  and  stator  vanes  changes  such  that 
the  natural  frequency  of  the  compressor  bledes  is 
increased  while  that  of  tLe  stator  vanes  is  reduced. 

Scale-like  dirt  has  bean  found  accumulated  on  diffuser 
combustion  chamber  and  other  engine  components  after 
prolonged  engine  operations  in  contaminated  atmos¬ 
phere. 

b.  Deterioration  in  Eozine  Performance 

As  shown  in  fiafarencea  22  through  27,  sand  and  dust 
ingestion  adversely  affects  engine  performance. 
Continued  operation  in  the  contaminated  atmosphere 
will  produce  damage  which  in  turn  reduces  engine 
available  power  and  increases  engine  fuel  consumption. 

Analysis  of  the  test  data  presented  in  Keferences  22 
through  27  indicates  that  engine  power  loss  can  be 
related  to  '  he  accumulated  weight  of  ingested  send 
and  dust.  Figure  62  presents  trends  of  ingested  sand 
and  dust  weight  as  a  'unction  of  engine  airflow 
corresponding  to  a  5 -percent  reduction  in  engine 
normal  rated  power. 


104 


1C5 


Figure  f>2.  Variation  of  Engine  ingested  Sand  and  Duet  With  Engine  Airflow 
for  a  5 -Percent  Rrdu« tTon  In  Normal  Hated  Power. 


The  results  presented  in  this  figure  are  based  on 
limited  test  data  obtained  for  the  1*53-2  engine 
(Reference  25)  and  the  T-55-L-ll  engine  (Reference 
27).  These  results  can  be  extrapolated  to  other 
V/STOi  aircraft  engines.  A  bandwidth  nf  approxi - 
■Mktely  *101  (from  the  available  test  data)  is  shown 
in  this  figure  to  account  for  variations  in 
susceptibility  of  a  particular  engine  design  tc 
damage  and  relative  hardness  of  the  contaminant 
material. 

Figure  62  also  shews  the  amount  of  sand  and  dust 
which  can  be  ingested  by  the  T-64(l),  T-58(8).  and 
T-55l,(5)  engines,  prior  to  5-percent  loss  in  normal 
rated  power.  Eased  on  these  results,  the  engine 
endurance  corresponding  to  the  XC-142,  X-22A*  and 
X-  19A  aircraft  has  been  calculated  and  is  presented 
in  Table  V. 

c.  Improvements  Offered  by  Dust  Filtration 

Considerable  improvements  in  engine  life  and  perform¬ 
ance  is  possible  with  sand  and  dust  filtration.  The 
degree  of  this  improvement,  as  indicated  in  Figure  63, 
is  very  such  dependent  on  filtration  efficiency  of 
air  particle  separators  installed  on  the  engines. 
Figure  63  shows  that  even  with  the  current  air 
particle  separator  designs  (75*  to  90-percent  filtra¬ 
tion  efficiency),  net  operational  gain  in  engine 
endurance  of  4  to  10  is  achievable.  The  net  opera¬ 
tional  gain  is  herein  defined  as  the  ratio  of  engine 
endurance  with  particle  filtration  (protected  engine) 
to  that  with  no  particle  filtration  (unprotected 
engine)  corresponding  to  5-percent  reduction  in  engine 
normal  rated  power. 

The  filtration  efficiency  warranted  for  a  given  design 
is  a  function  of  engine  susceptibility  to  the  p*rticle 
damage  and  engine  maintenance  schedule  desired.  As 
shown  in  Figure  63,  the  net  operational  gain  Increases 
very  rapidly  with  filtration  efficiency  h  vend  80 
percent  and  becomes  large  at  100-percent  filtration 
efficiency. 
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TABLE  V 

RESULTS  OF  DUST  INGESTION  BY  VARIOUS  V/STOL  ENGINES  FOR  A 
5- PERCENT  REDUCTION  IN  NORMAL  RATED  POWER 


Aircraft 

Sand 

Ingested 

(lb) 

Airflow 
(lb/ sec) 

P 

P 

(lb/ft3) 

Engine  Endurance 
(minutes) 

XC-142 

29 

24.5 

7 . 7xl0~5 

20 

X-22A 

24 

12.4 

34. 2xl0-5 

7.2 

X-19 

22.5 

10-7 

2.7xl0'5 

99 

3.  Personnel  and  Ground  Equipment  Damage 

This  section  presents  the  effects  of  rotor  downwash  signature 
on  personnel  and  ground  equipment  in  terms  of  primary  and 
secondary  wind  damage.  Primary  damage  relates  to  direct 
injury  to  man  and  destruction  of  equipment.  Secondary  damage 
pertains  to  the  indirect  effect  of  downwash  upon  man  and 
equipment  such  as  impaired  work  capabilities  of  a  man  or 
displacement  of  objects  placed  in  the  rotor  downwash  environ¬ 
ment. 

Based  on  the  test  data  of  Reference  10,  rotor  downwash 
impingement  can  directly  cause  injury  to  can.  The  extent 
of  injury  can  vary  from  damage  to  loose  areolar  tissues  about 
the  eyes  at  wind  speeds  of  100  knots,  to  severe  confluent 
subcon junctional  hemorrhages  at  speeds  of  515  knots.  Figure 
64  graphically  presents  levels  of  direct  and  indirect  damage 
to  man  and  equipment  due  to  impingement  of  downwash  velocities 
generated  by  the  selected  aircraft. 

Comparing  the  results  of  Figure  64,  it  can  be  noted  that  the 
downwash  velocity  from  the  X-19A,  X-22A,  XV-5A,  and  XC-142 
aircraft  at  respective  distances  of  up  to  13,  20,  26,  and  36 
feet  can  cause  a  serious  injury  to  man’s  eye  areolar  tissues. 


107 


Filtration  Efficiency,  7. 


Figure  63.  Engine  Net  Operational  Gain  for  a 
Reduction  in  Normal  Rated  Power. 


5 -Percent 


Damage  to  Eve  Areolar  Tissues. 
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Figure  64.  Effects  of  Rotor  Downwash  Upon  Man  and  Equipment  for  Various  Aircraft. 
Wheels  on  the  Ground. 


Also,  the  design  limitations  of  MUST  structures  can  be 
exceeded  in  the  downwash  environment  generated  by  the  four 
aircraft  at  distances  of  up  to  21.5,  26,  31,  and  41.5  feet, 
respectively.  These  design  limitations  of  MUST  structures 
would  not;  be  exceeded  by  the  downwash  velocities  of  the 
H-21  helicopter.  Canvas  tents  can  be  blown  down  by  the 
downwash  velocities  of  each  of  the  five  selected  V/STOL 
aircraft.  These  velocities  can  cause  a  sevf  e  penetration 
and  abrasion  of  equipment  with  particle  sizes  of  up  to  300 
microns.  This  type  of  equipment  damage  can  be  incurred  at 
distances  up  to  40  to  60  feet  from  each  aircraft. 

In  general,  it  can  be  stated  that  the  high-disc-loading  air 
craft  such  as  the  XC-142,  X-22A,  X-19A,  and  XV- 5 A  are  poten 
tially  capable  of  generating  a  more  hazardous  downwash 
environment  to  man  and  equipment  than  the  low-disc-loading 
V/STOL  aircraft  such  as  the  H-21. 
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IV.  CONCLUSIONS  AND  RECOMMENDATIONS 


1.  The  analytical  methods  presented  herein  for  predicting 
rotor  downwash  signatures  generally  correlate  well  with 
the  limited  test  data. 

2.  High  downwash  velocities  generated  by  high-disc-loading 
aircraft  decay  much  more  rapidly  than  the  low  velocities 
generated  by  low-disc-loading  aircraft.  As  a  result, 
the  latter  velocities  generated  in  ground  effect  persist 
at  greater  radial  distances  along  the  ground. 

3.  For  the  type  of  terrain  analyzed,  the  size  of  a  dust 
clord  generated  by  a  V/STOL  aircraft  is  primarily  depend¬ 
ent  on  aircraft  gross  weight  rather  than  rotor  disc 
loading.  The  maximum  cloud  sizes  reduce  slightly  with 
increasing  disc  loading  (constant  gross  weight)  but 
reduce  appreciably  with  reduction  in  aircraft  gross 
weight. 

4.  The  pilot’s  far-field  visibility  through  a  dust  cloud 
depends  upon  the  density  and  size  of  the  cloud  and  the 
location  of  the  sighted  object  relative  to  the  pilot. 

5.  Sand  and  dust  ingestion  in  V/STOL  engines  causes  severe 
damage  to  engine  components,  thus  reducing  engine  Jife 
and  resulting  in  appreciable  <  eduction  in  engine  perform  - 
ance.  Particle  separators  with  filtration  efficiencies 

in  excess  of  80  percent  are  required  for  any  VTOL  aircraft 
for  sustained  operations  in  sand  and  dust  environment. 

6.  High-disc-loading  aircraft  are  potentially  capable  of 
generating  a  more  hazardous  downwash  environment  to  man 
and  equipment  than  low-disc-loading  aircraft. 

7.  It  is  recommended  that  further  tests  be  conducted  to 
define  better  and  to  confirm  more  firmly  the  analytical 
methods  for  predicting  the  rotor  downwash  signatures. 
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LTC4B-11B),  Lycoming  Division,  AVCO  Corporation, 
Stratford,  Connecticut. 
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APPENDIX 

SURFACE  EROSION  TEST  DATA 


In  conjunction  with  the  tests  at  Yuma  conducted  by  MSA 
Research  Corporation  (Reference  15) ,  this  contractor  obtained 
test  data  on  the  weight  and  size  of  particles  entrained  from 
the  ground  and  transported  along  the  wall  jet. 

The  dust  particles  were  collected  in  specially  designed 
particle  traps  which  were  located  in  the  vicinity  of  the  H-21 
helicopter  hovering  in  ground  proximity.  The  particle  trap 
layout  used  during  the  tests  is  shown  in  Figure  65.  The 
particle  traps  were  made  from  2-3/8-inch-inside-diameter 
plastic  tubing.  The  shape  of  the  basic  trap  was  a  "T"  lying 
on  its  side.  The  leg  of  the  ”T"  was  the  intake  for  the 
contaminated  air,  and  a  cup  was  provided  on  the  bottom  for 
collecting  the  dust  sample.  A  wire  mesh  screen  shaped  into 
a  cone  with  a  surface  area  five  times  the  inlet  area  of  the 
trap  was  attached  to  the  top  of  the  trap.  This  was  used  as 
a  filter  which  collected  the  dust  particles  while  permitting 
the  now  clear  air  to  flow  out  of  the  trap.  The  filter  screen 
was  made  from  200  mesh  wire  cloth  with  33. 6- percent  open  area. 
The  size  of  the  screen  openings  was  0.0029  inch. 

Six  particle  traps  were  mounted  on  a  boom  to  a  height  of  10 
feet,  as  shown  in  Figure  65.  Two  booms  with  a  total  of  12 
traps  were  used  for  these  tests.  The  location  of  the  booms 
was  varied  from  the  fiont  to  the  side  of  the  helicopter 
depending  on  the  sampling  method  selected  for  the  particular 
test. 

During  all  tests,  a  target  was  placed  in  the  pilot's  view, 
providing  him  with  heading  and  distance  information  from  the 
first  sampler  location.  The  pilot  approached  the  target 
point,  hovered  at  an  altitude  of  approximately  1  foot  wheel 
clearance  for  a  specified  period  of  time,  and  quickly  backed 
away  from  the  test  area. 

Data  were  obtained  for  a  total  of  nine  tests;  four  of  these 
tests  were  selected  as  providing  the  most  reliable  data.  The 
results  for  the  remaining  tests  were  questionable  because  of 
the  conditions  encountered  during  testing;  i.e.,  the 
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TEST  CONDITION 


STATION  II 


excessive  surface  winds,  the  poor  orientation  of  helicopter 
with  respect  to  the  samplers,  the  undeterminable  time  of 
operation  of  the  helicopter  in  the  vicinity  of  the  samplers, 
etc. 

All  samples  collected  were  analyzed  by  the  Vicksburg  Water¬ 
ways  Experimental  Station.  The  following  information  was 
obtained: 


1.  Weight  of  particles. 

2.  Size  distribution  of  particles  for  selected 
samplers . 

3.  Maximum  size  of  particles  found  in  each  sample. 

The  test  data  for  Test  Condition  I,  Run  No.  5  and  Run  No.  7 
and  for  Test  Condition  II,  Run  No.  4  and  Run  No.  9  are 
presented  in  Tables  VI,  VII,  VIII.,  and  IX,  respectively. 

These  tables  show  particle  mass  flow  rates  measured  along 
longitudinal  axis  (Test  Condition  I)  and  lateral  axis  (Test 
Condition  II)  of  the  H-21  helicopter.  The  collection  of  data 
from  both  the  front  and  side  of  the  aircraft  was  performed  to 
determine  any  variations  that  might  exist  in  surface  erosion 
due  to  the  downwash  interaction  effects  of  the  two  rotors. 

The  results  obtained  from  these  tests  at  two  radial  stations 
from  the  front  and  sides  of  the  H-21  helicopter  are 
summarized  in  Figures  66  through  69. 

The  mass  flow  data  are  presented  in  Figures  66  and  67  for  the 
front  and  side  of  the  helicopter,  respectively.  The  flow 
data  are  given  in  pounds  of  sand  collected  per  second  per 
unit  area  and  are  plotted  as  a  function  of  height  above  the 
ground. 

In  Figure  66  the  mass  flow  rate  of  particles  measured  along 
the  front  of  the  H-21  helicopter,  as  expected,  is  seen  to 
decrease  with  increasing  height  above  the  ground.  What  is 
unusual,  however,  is  that  with  the  exception  of  the  region 
very  close  to  the  ground,  the  flow  rate  increased  with 
increasing  radial  distance.  This  is  contrary  to  data 
obtained  in  Reference  13  for  the  2 -foot  ducts.  These  data  are 
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GRADATION  TEST  RESULTS  -  TEST  CONDITION  II,  RUN  NO. 


110  ft 


Figure  68.  Particle  Size  Distribution  Forward  of  the  H-21 

Helicopter,  Test  Condition  I  -  Phillips  Drop  Zone 
H  =  17  Feet. 


Figure  69.  Particle  Size  Distribution  Outboard  of  the  H-21 

Helicopter,  Test  Condition  II  -  Phillips  Drop  Zone, 
H  =  17  Feet. 


superimposed  on  Figure  66  for  comparison.  The  observation 
of  the  sand  flow  along  the  ground  as  reported  by  the  pilot 
confirms  the  results  obtained  during  this  program.  According 
to  the  pilot's  observations,  the  entrained  sand  started  to 
erode  just  in  front  of  the  first  row  of  samplers  and  billowed 
upward  to  engulf  the  aft  row  of  samplers  completely.  As  a 
result  of  this  flow  mechanism,  a  majority  of  the  sand 
particles  were  trapped  very  close  to  the  ground  by  the  first 
row  of  samplers  and  at  higher  locations  from  the  ground  by 
the  second  row.  More  data  are  required  to  define  the  point 
where  the  cross-over  of  flow  rate  will  occur. 

The  flow  rates  along  the  side  of  the  helicopter  were  obtained 
along  a  plane  midway  between  the  two  rotors  perpendicular  to 
the  longitudinal  axis  of  the  aircraft  (interaction  plane). 
These  data  are  presented  in  Figure  67  as  a  function  of  height 
above  the  ground  for  two  radial  stations.  The  flow  rates  as 
shown  in  this  figure  are  very  similar  to  the  data  obtained 
along  the  front  of  the  aircraft  both  in  magnitude  and  varia¬ 
tion  with  height.  It  appears  that  the  amount  of  eroded 
particles  does  not  significantly  change  due  to  the  interaction 
of  the  two  rotors  even  though  the  particles  are  transported 
further  out  radially. 

The  size  distribution  of  particles  collected  in  the  samplers 
has  been  obtained  for  the  same  test  conditions  as  those 
described  previously.  The  results  are  presented  in  Figures 
68  and  69  for  the  front  and  side  of  the  helicopter,  respec¬ 
tively.  From  these  figures,  it  can  be  seen  that  the  particle 
size  reduces  with  an  increase  in  both  height  above  ground  and 
radial  location. 
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Analytical  methods  are  developed  for  determining  the  downwash  environ¬ 
ment  generated  by  multirotor/propeller  V/STOL  aircraft  configurations 
operating  in  ground  proximity. 

These  methods  are  utilized  to  compute  rotor  flow  field  and  contaminant 
duat  cloud  characteristics  (including  particle  density  and  size 
distributions)  for  the  H-21,  XC-142,  X-22A,  X-19A,  and  XV-5A  rircraft. 
The  effects  of  the  contaminated  atmosphere  on  pilot's  visibility, 
ground  equipment,  and  personnel  are  also  determined  for  these 
aircraft. 

The  theoretically  predicted  results  are  generally  in  good  agreement 
with  the  limited  test  data.  Additional  full-scale  test  data  are 
required  to  verify  further  the  assumptions  inherent  in  the  theory. 
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